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ABSTRACT 
Pile setup or freeze is a phenomenon where the bearing capacity of a pile 
increases over time both during and after the dissipation of pore pressure and the 
stabilization of lateral earth pressure. Driven piles gain capacity after installation because 
of the dissipation of excess pore pressure and soil aging. Incorporating accurate setup 
prediction into the design of the piles can significantly reduce the cost of many projects 
by reducing the size or number of required piles. Various simple, empirical mathematical 
models have been developed to predict pile setup. However, these models are often 
unreliable, resulting in very conservative designs. Currently, an effective deterministic 
pile setup prediction model accounting for pore pressure dissipation and soil aging is not 
available. 
This study establishes a mechanistically-determined prediction model for pile 
setup in clay due to aging. It incorporates the remolded friction angle increase with time 
along the pile wall after the dissipation of excess pore water pressure induced during 
installation and the Over-Consolidation Ratio (OCR) of the soil. Two coefficients used 
in the model are determined that appear to be directly related to the properties of the soil. 
An experimental process is developed using conventional shear strength testing 
equipment to verify the relationships presented in the model. This new experimental 
process can be utilized to simulate shear strength increase behavior between a pile and 
soil over time. The results from the testing program indicate an increase in the residual 
iii 
iv 
shear strength between clay and concrete as time passes. The results also show a greater 
increase in frictional behavior when the soil has been subjected to a larger stress history 
prior to shearing. Combining the developed prediction model and the laboratory 
procedure, a method to predict the frictional resistance of a pile incorporating the pile 
setup mechanism of soil aging is presented. The calculated time-dependent pile capacity 
can be applied in the commonly utilized P-method to design the pile dimensions. 
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CHAPTER 1 
INTRODUCTION 
1.1 General Introduction 
In geotechnical engineering practice, the increase in capacity of driven piles after 
installation is known as pile "setup" or "freeze". The results of previous research 
indicate that the majority of setup is due to an increase in frictional resistance, or side 
shear, between the pile and the surround soil. Although this phenomenon has been 
recognized for decades, design engineers often neglect to account for setup when 
designing pile foundation systems due to the variability and lack of reliability of the 
estimates generated from cureent prediction techniques. Pile foundations can be a very 
economically expensive portion of a construction project for which the designed capacity 
of the piles can play an important role in the overall cost. If it were possible to 
incorporate setup into the design of the piles, the costs of many projects could be greatly 
reduced as the size of the piles, the embedment lengths, and the size of the installation 
crane could be reduced. 
Pile setup has been studied for several decades with many empirical, semi-
empirical, analytical, and numerical techniques proposed and developed, and although 
great progress has been made in understanding the short term and long term pile 
resistance increases, geotechnical engineers currently rely on empirical correlations as 
1 
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well as their own personal judgment and experience to estimate pile setup. Various 
simple, but completely empirical mathematical models have been developed to correlate 
and predict pile setup. However, these models prove to be site specific, do not provide 
the ultimate pile capacity, and are often unreliable, causing engineers to provide very 
conservative designs. An effective model accounting for pore pressure dissipation and 
soil aging is not currently available. 
1.2 Objectives 
The main objective of this research was to develop a method to predict the long-
term capacity increase of driven piles in clayey soils using realistically obtainable 
properties of the soil, either by field or laboratory testing. This goal is quite broad, so a 
number of lesser goals were identified. 
1. Investigate the soil properties that contribute to setup and develop a potential 
prediction model based on the findings 
2. Utilize existing field pile data to verify the developed prediction equation 
3. Develop a practical method to simulate the soil properties that contribute to pile 
setup 
4. Utilize the simulated results to validate the developed prediction equation 
5. Provide recommendations for the utilization of the developed prediction methods 
to implement in design 
1.3 Scope of Work 
The research described herein investigates the phenomenon of soil aging in clay 
associated with frictional resistance increases contributing to pile setup. Inspired by a 
research project funded by the Louisiana Department of Transportation and Development 
3 
(LaDOTD) regarding a new technique to develop a prediction method for south 
Louisiana clays, a model was developed to predict the increased side shear of piles over 
time by accounting for time-dependent soil characteristics. It was quickly determined 
that the increase of the interface friction angle between the pile and the soil should be the 
focus of the investigation, as it was the basis for the prediction model. Detailed field 
research data was utilized to demonstrate the usefulness of the prediction model. A 
laboratory testing program was then developed to study the aging process in a controlled 
laboratory environment to aid in the enhancement and verification of the model. The 
results from the laboratory testing program were also used to verify the validity of the 
prediction model. A summary of the work described as well as the results generated are 
presented. 
CHAPTER 2 
LITERATURE REVIEW 
2.1 Pile Setup in Cohesive Soil 
Long-term setup effects on driven piles in cohesive soils have been observed for 
over a century, yet there is little research that has defined a clear deterministic method to 
predict the capacity of piles that incorporates long-term setup effects. 
2.1.1 The Existence of Long-term Pile 
Setup 
For thousands of years, pile foundations have been installed for structural support 
of buildings, bridges and other structures along coastal areas or where weaker soils are 
present (Augustesen 2006). It is well known throughout the geotechnical industry that 
after the installation of a driven pile, the axial capacity of the pile can increase as time 
passes. The increase in pile capacity with time is called setup. Setup occurs primarily 
with respect to side shear, as dynamic pile tests from research shows little end-bearing 
increase with time (Bullock 1999). Accounting for or verifying the existence of pile 
setup can significantly increase the reliable capacity of a foundation system. 
Driven piles in sands and clays generally experience setup effects. From a 
percentage basis, piles driven into soft to stiff saturated clays experience much more 
setup than in stiff clays or sands (Long et al., 1999). As early as 1900, Wendel (1900) 
conducted load tests on driven timber piles in clays and reported the effects of the 
4 
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increase in axial capacity of piles two and three weeks after installation. Since 
researchers began to utilize experimental tools, such as strain gauges and piezo-electric 
devices, there exists widespread experimental evidence indicating the increase of axial 
capacity of driven piles in clay with time (Seed et al., 1955; Bjerrum et al., 1958; Skov 
and Denver, 1988; Bullock, 1999, Axelsson, 2000). Thompson III et al. (2009) reported 
an increase in side shear between 1.8 and 3 times the capacity at the end of driving 
(EOD) in clayey soils along the Mississippi Gulf Coast. The compiled setup data in clay 
in Malaysia taken from Ng indicated capacity increases from 2 to 6 times the driving 
capacity after 29 days (Ng et al.,2010). Long et al. (1999) presented a fairly 
comprehensive database obtained from publications showing the effects of time on the 
axial capacity of piles grouped by general soil types of (1) predominantly clay, (2) 
predominantly sand, and (3) a mixture of clay and sand. The results also indicated that 
the setup effects in clays and mixed soils increase from 2 to 6 times the capacity from the 
end of driving. Figure 1 provides a graphical interpretation of the increase of pile 
capacity on a percentage basis with time in a logarithmic scale from the data assembled 
by Titi and Wathugala (1999) from various studies of setup on friction piles driven in 
clay. 
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Figure 1: Time Dependent Capacity Increase from Various Studies (Titi and 
Wathugala, 1999) 
One conclusion that can be made from a visual inspection of Figure 1 is that time 
between the installation and the ultimate capacity of a pile varies significantly, even when 
investigating predominantly clayey conditions. The author cautions that the data 
presented here was based on the data provided with each individual study with little 
information available indicating the type of pile installed, detailed soil characteristics, 
and more significantly, whether attainment of the maximum capacity was truly achieved. 
If the investigators assumed that the final test was the maximum without further tests 
showing an equilibrium state, then the percentage of ultimate capacity at the 
corresponding time may be underestimated. Even with the limitations, Figure 1 provides 
7 
evidence that pile setup is a well-documented phenomenon with significant implications 
for the determination of the design capacity of driven pile foundations. 
2.1.2 Mechanistic Theories of Setup 
2.1.2.1 Contribution of Setup due to Pore 
Pressure Dissipation 
As a pile is driven, soil is displaced radially, and to a lesser degree vertically, 
along the shaft resulting in large strains outward to approximately 1 to 2 pile radii 
depending on the type of soil, generating a completely remolded state. Randolph et al. 
(1979) stated that piles driven in clay significantly altered the stresses in soil radially 
outward to about 20 pile radii. These strains can cause an immediate increase in pore 
pressure which accounts for a reduction in the undrained shear strength (skin friction) due 
to the reduction in effective stress. After pile driving is complete, the excessive pore 
pressure in the surrounding soil begins to dissipate causing the shear strength to increase, 
allowing the pile to regain side shear capacity. Seed and Reese (1955) provided the 
evidence to support the theory that the initial mechanism of pile setup can be attributed to 
the dissipation of the excess pore water pressure induced during the pile installation. 
This was later confirmed by Bjemjm et al. (1958) in which it was recommended pile 
capacity load testing be performed 30 days after the installation to account for the 
dissipation of pore pressure as the cause of setup. Soderberg (1961) concluded the 
increase of pore pressure induced during pile installation is constant with depth. The 
time for the excess pore pressure to dissipate is proportional to the square of the 
horizontal pile dimension and is inversely proportional to the horizontal coefficient of 
consolidation of the soil. Soderberg proposed that the dissipation of excess pore 
pressures induced during pile installation could be predicted by utilizing Terzaghi's 
8 
theory of consolidation (Soderberg, 1962). This theory presented a non-dimensional time 
factor Th, 
where 
Ch - coefficient of horizontal consolidation, 
/ = time from the end of driving, and 
B = pile width/diameter. 
Many analytical and numerical models have utilized this theory to predict the increase of 
pile capacity with time with great success during the time any induced excess pore 
pressure is dissipating. 
2.1.2.2 Contribution of Setup due to Soil 
Aging 
Studies have shown that pore pressure dissipation in clays equalizes between 6 
and 14 days after the pile has been installed (Karlsrud and Haugen, 1985). Figure 2 
presents data retrieved from Bullock (1999) that clearly suggests that pile side shear 
continues to increase well beyond the time at which the pore pressure equalizes to a 
hydrostatic state. 
~^~-Pore Pressure 
-"©•—Horiz. Effective Stress 
™vr~ Skin Friction 
-tr > 5 ^ = _ ^ : ^ , v - = - ^ — 
5 50 500 
Time (days) 
Figure 2: Instrumented Pile Data, Seabreeze Bridge Pile, at 17.8 meters Below 
Grade (Bullock 1999) 
Many other studies (Azzouz et al., 1990; Bullock, 1999; Komurka et al., 2003; 
Augustesen, 2006) verify the existence of this phenomenon. This post-dissipation 
increase in side shear has been attributed to a phenomenon called aging. Schmertmann 
(1991) defines aging as a time-dependent increase of soil friction resistance at a constant 
effective stress similar to the secondary compression after the primary consolidation has 
completed. The contribution of aging to pile setup can be significant, increasing the 
overall pile capacity up to 30% or more (Bullock 1999). While the mechanism of aging 
has yet to be clearly defined, Schmertmann suggests it can be attributed to particle 
interference, clay dispersion, thixotropy, and drained creep (secondary compression) 
resulting in increases in the frictional component of soil at a constant effective stress. 
Komurka, et al. (2003) presented a three-phase setup path to explain the ultimate 
pile capacity as shown in Figure 3, which relates the ratio of the final and initial pile 
resistance (Qj/Q,) versus the time in log scale and provides a relatively general display of 
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the pile setup path. There are a number of factors involved in how this graph will 
behave; namely, soil type, depth of pile, depth of groundwater, type of pile. The ratio of 
resistances requires testing of the pile immediately after installation and also at various 
time intervals after the end-of-driving (EOD) until equilibrium is reached. 
Figure 3: Idealized Schematic of Pile Setup Phases (Komurka et al., 2003) 
The first two phases are said to be in direct relation to the dissipation of pore 
pressure developed during the pile installation located within the remolded soil zone 
surrounding the pile. The third phase presenting the aging effects has a slope much less 
than the linear rate of dissipation because, Komurka hypothesized that the aging effect in 
cohesive soils is very small and does not contribute a great deal to the ultimate capacity 
of the pile. However, research listed herein suggests that aging is a considerable 
contribution to setup in cohesive soils. This difference in hypotheses is largely due to the 
fact that the mechanism involved in the aging process of clays is not fully understood. It 
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should also be noted that there is a potential that aging could be occurring during the pore 
pressure dissipation phases. 
2.1.3 Current Prediction Methods for 
Pile Setup 
The design of friction piles is generally based on empirical formulas and depends 
greatly on the engineering judgment and experience of the engineer. Due to this 
uncertainty associated with the nature of the friction pile design, load testing is usually 
performed after pile installation. The results of the load tests are generally compared 
with the capacity of the piles at the end of the initial driving and then ultimate capacity is 
estimated (Skov and Denver, 1988). Likins (2010) highlighted two Florida projects 
where design engineers utilized the time for setup to occur in indicator piles. This 
reduction resulted in claims of cost savings in the millions of dollars for the projects. 
Due to time constraints during construction, indicator piles used to verify the design load 
of a pile foundation system are typically load tested within 14 days after they are 
installed, and often much sooner. Prediction methods are often limited to this type of 
short term testing when utilized. Many methods of prediction have been studied, yet 
many U.S. State agencies are not utilizing these methods (Budge 2009), presumably due 
to the lack of verification and reliability of the methods. 
2.1.3.1 Empirical Relationships 
Incorporating a prediction equation to determine setup, and thus ultimate capacity, 
into the design of the piles can greatly reduce project costs as the size of the piles, the 
embedment lengths, and the size of the installation crane could be reduced. Engineers 
and researchers have most widely used the Skov and Denver (1988) equation to predict 
the bearing capacity of piles with the contribution of pile setup at a specific time. 
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Presented as Equation 2, it is an empirical relationship that models setup linearly with 
respect to the log of time 
^ = /Hogl0f+i. (2) 
The vertical bearing capacity Q at some time t after the EOD is related to an 
assumed initial or reference time t0 and capacity Q0. A is a dimensionless setup factor 
used to characterize the pile and soil. Theoretically, time t0 is said to be the point at 
which the relationship between the dissipation of excess pore pressure becomes linear 
with respect to the log of time. The values of both A and t0 have become the subject of 
much debate and study due to the considerable variation in site conditions and pile design 
options. These studies (Skov and Denver, 1988, Bullock, 1999, Axelsson, 2000) have 
generated varying values for A using assumptions, back-calculations, or empirical 
relationships making it difficult for engineers to confidently utilize this equation. A brief 
summary of the calculated A values are presented in Table 1. Using these conventional 
values for both A and t0 in Equation 1 has shown significant error when compared to 
measured pile bearing capacity (Wang et al., 2009). 
Table 1: A Summary of Pile Setup Factors and Reference Time (Wang et al., 2009) 
Author 
Skov and 
Denver (1988) 
Svinkin et al. 
(1994) 
Axelsson 
(1998) 
Soil conditions 
Sand 
Clay 
Clayey and Sandy 
soils 
Non-cohesive 
soils 
A 
0.5 
0.2 
0.36-1.07 
0.2-0.8 
to 
(day) 
0.2 
0.6 
1 or 2 
N/A 
Pile Type/Location 
Concrete 
piles/Alborg, 
Denmark 
Pre-stressed concrete 
piles and H-
piles/Ohio 
Concrete 
piles/Sweden 
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Camp and 
Parmar(1999) 
Bullock et al. 
(2005) 
Yang and Liang 
(2006) 
Stiff, highly 
plastic sandy clay 
or sandy silt 
(Cooper Marl) 
Dense fine sand 
and soft to 
medium stiff silty 
clay 
Clayey soils 
0.37-1.31 
0.2 
0.5 
2 
1 
1 
Concrete piles, H-
piles/Charleston, 
South Carolina 
Concrete piles/North 
Florida 
Pipe, HP, concrete, 
timber, etc/various 
There are a number of other empirical formulas that have been developed that are 
of similar nature to the Denver and Skov equation. Table 2 presents four such variations 
of the empirical equations of setup prediction with time as presented by Wang et al. 
(2009). 
Table 2: A Summary of Pile Setup Equations (Wang et al., 2009) 
Author 
Huang 
(1988) 
Guang-Yu 
(1988) 
Svinkin 
(1996) 
Svinkin 
and Skov 
(2000) 
Equation 
Qt = QEOD + 0.236[1 log(t) (Qmax - QE0D)] 
Qi* = QiroD(0-375 St + 1) 
Qt = l-4<?£0Dt01 
Qt = 1.02SQEODt01 
M > - l = fl[log(t) + l] 
QEOD 
Comments 
Q,= capacity at time t 
QEOD = capacity at 
EOD 
Qmax = Maximum 
capacity 
Q H = capacity after 14 
days 
St = Sensitivity of soil 
Upper Bound 
Lower Bound 
B = similar to A in 
Denver and Skov 
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Komurka et al. (2003) summarized the equations presented in Table 2. Huang 
(1988) presents a formula to predict the increased pile capacity with time in the soft soils 
of Shanghai using H-piles. There is an assumption that the value of the maximum pile 
capacity can be obtained. Svinkin (1996) presented a prediction formula for setup in 
sands and Svinkin and Skov (2000) presented a variation of the Denver and Skov 
equation using a consistent t0 of 0.1. Guang-Yu (1988) made an attempt to include a 
variation with the characteristic of the soil by comparing the increase in capacity with the 
sensitivity of the soil. However, the relationship is only valid for 14 days after pile 
installation. As with the widely used Denver and Skov prediction method, these are all 
empirically based and seem to be specific to the region or soil type related specifically to 
the study. 
Tables 1 and 2 illustrate the variation inherent in these types of prediction models. 
The predictions made with these types of empirical relationships are the total capacities. 
There is no general agreement regarding the appropriate time period after the installation 
when setup should be investigated, No provision made for considering the differing soil 
characteristics that alter the rate and amount of setup, and there is the inherent nature of 
the log/linear relationship that does not allow for the prediction of an ultimate capacity. 
A growth-rate-based prediction model was developed by Wang (2010a, 2010b) 
based on the restrike data of 95 production piles, and restrike and load testing data of 9 
tested piles from a south Louisiana highway project. The model utilizes a reference time 
and initial frictional component, such as unit skin friction, total frictional resistance or 
total side shear capacity, to calculate the same frictional component some time after the 
reference time. The rate-based method is an attempt to determine the ultimate capacity, 
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as the pile side shear must equalize at some time after installation. This ultimate capacity 
is a major deficiency of the previously mentioned empirical methods. The rate-based 
method is also empirical in nature and lacks the long-term setup data to accurately define 
aging as a setup effect. 
2.1.3.2 Exploratory Field Test 
Relationships 
The improvements of technology with the exploratory field testing techniques 
have improved tremendously over the past three decades. Utilizing an alternative version 
of the standard penetration testing devices, such as the Torque test or the Uplift test, can 
provide relationships that allow setup behavior of soils to be determined. Bullock (1999) 
found the SPT-Torque test to provide a good fitting relationship with the pile setup data 
in cohesive soils. Rausche et al. (1996) provided a ratio of resistance values between 10 
minutes and 70 minutes from SPT Uplift tests to correlate with setup and when compared 
with SPT-Torque tests showed good agreement. 
Another more advanced exploratory testing device is the electric Cone 
Penetrometer with Pore-water pressure measurement (CPTu), often called the Piezocone. 
The penetrometer is hydraulically driven into the soil and provides nearly continuous data 
of tip bearing, side shear, pore pressure, inclination, and temperature (Komurka, 2003). 
Because the device provides both side shear and pore pressure readings, opportunity 
exists to perform staged testing to investigate the increase in side shear as the pore 
pressure dissipates. The results of the CPTu tests are a function of the penetration rate 
due to the nature of the test. This requires a standardized penetration rate which provides 
an increase in pore pressure that may not correlate specifically with pile driving and 
subsequent dissipation. While there is a considerable amount of information that can be 
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obtained from this device, studies have shown that initial correlations between CPTu tests 
and pile setup are inconclusive (Bullock 1999). After an extensive survey and review, 
Budge (2009) recommended the State of Minnesota pursue utilizing the CPTu tests as a 
method of pile setup prediction. However, additional research is necessary. 
2.1.3.3 Soil Characteristic Relationships 
Lukas and Bushell (1989) performed a study on pile setup as it relates to the 
undrained shear strength and the sensitivity of the soil. Using in-situ shear vane tests, 
research showed an estimated adhesion factor can be determined at the time of driving 
and after some period of time to conelate with pile setup. This type of correlation is 
based on the total stress theory which neglects the effects of the effective stress increase 
with the dissipation of the excess pore pressure. While there may be a link between the 
undrained shear strength and the initial setup values of pile installation, long-term pile 
setup effects would appear to be better evaluated under drained conditions. 
Azzouz and Morrison (1988) evaluated pore pressure and horizontal effective 
stress data from a Piezo-Lateral Stress (PLS) Cell installed within a model pile. The PLS 
Cell is equipped to provide the total horizontal stress, pore pressure, and shear stress 
acting on a cylindrical pile shaft. The results from the model pile tests provided the 
expected outcome of the dissipation of pore pressure and the stabilization of the 
horizontal effective stress, as indicated by the horizontal effective stress ratio, K (Lateral 
Earth Pressure Coefficient), shown in Figure 4. 
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Figure 4: Pore-Water Pressure, Horizontal Total and Effective Stresses During 
Consolidation from PLS Cell (Azzouz et al., 1990) 
It was recommended that prediction for the horizontal stresses during this 
dissipation time be made by two models. The first model estimated the soil behavior 
during the installation of the pile by the Strain Path Method, which is a two-dimensional 
model where the strains in the soil are estimated by means of known velocities of an ideal 
fluid moving around a pile shape. Once the soil characteristics are established, the 
horizontal stresses and pore pressures are estimated by the cavity expansion method. 
Once the stresses become static, the frictional resistance is estimated by a method called 
the p-method. The p-method uses a skin friction ratio (r/er'/j) which accounts for the 
friction angle between the pile and soil or internally within the soil, whichever is lower. 
The frictional resistance value determined by the skin friction ratio in the p-
method appears to provide a good basis for future investigation, however, the methods of 
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obtaining the data and the theories are not commonly utilized by design engineers. 
Additional correlation and significant research needs to be performed prior to 
incorporation in standard design procedures. 
2.2 Laboratory Determination of Interface Shear Strength 
of Clay and Pile 
Soil-structure interface systems are encountered in various Geotechnical 
engineering projects such as pile foundations, earth dams, retaining structures, and 
pipeline infrastructure. Researchers have used laboratory testing to study the frictional 
behavior between clay and solid material for many decades to aid in the estimation of 
parameters encountered within the actual structures as summarized by Zhang (2009). 
Potyondy (1961) presented early laboratory test results into the relationship between the 
soil internal friction angle and the interface friction angle and established that both 
cohesion and internal friction should be considered depending on the characteristics of 
the soil and the surface roughness of the solid material. Many studies followed to 
investigate specific aspects of the interface behavior of soils and construction materials. 
The majority of these studies involved non-cohesive soils due to the complexity and 
variety of cohesive soils. More recent studies have presented the behavior of the 
interface of clay with construction materials, such as steel or concrete, and presented the 
differences between the direct shear and the simple shear device as well as the effects of 
surface roughness, moisture content, drainage condition, and the stress history on the 
shearing strength (Skakir and Zhu, 2009; Subba Rao et al., 2000; Tsubakihara and 
Kishida, 1993). 
Lupini et al. (1981) discussed the drained residual strength of clays with various 
clay fractions and defined three types of failure modes that depend on the type of soil 
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particles, the arrangement of the particles, and the surface interaction that the particles are 
adjacent to. The first is turbulent mode which is a behavior that is dominated by larger 
rotund particles that have high interparticle friction resulting in high residual strength. 
Sliding mode occurs in a lower interparticle frictional strength state where a strongly 
oriented platy surface develops. The developed shearing surface will then be less 
affected by subsequent stress histories. The third is a transitional mode which involves 
both turbulent and sliding behavior in different parts of the shearing surface (Lupini et al., 
1981). While this study is specific to a shearing surface internally located within soil 
strata, it is believed by the author that the principles can be translated to the shearing 
surface at or close to the interface of soil and a structure. 
Tsubakihara and Kishida (1993) presented a study comparing the frictional 
behavior of clay and steel between the standard direct shear device and the simple shear 
device. It was concluded that the simple shear device was more effective in presenting 
the peak interface strength in terms of effective stress than the shear box type due to the 
unreliable pore pressure data within the shear box as well as the difference in shear 
deformation of the clay specimen within the box. Also, the peak strength was not 
dependent on drainage condition or the consolidation pressure of the clay. In comparing 
the loading rates of the interface testing, the rates influenced the maximum friction 
resistance, yet had little influence on the residual friction. It should be noted that the 
residual friction was measured in a single shearing direction to 10 mm. Finally, the 
study confirmed previous Lupini et al. (1981) findings regarding sliding and turbulent 
shearing with a variation regarding the roughness of the surface of the solid material 
replacing the rotund versus layered/orientated platy shear surfaces. 
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Subba Rao et al. (2000) presented a study investigating the interface behavior of 
clay soils on solid steel plates in a direct shear type apparatus. The surface roughness of 
the steel plates tested was gradually increased to try to achieve a similar frictional 
response as would be obtained with a soil-soil interface. The soil samples used contained 
differing clay fractions and were made by applying a normal force on a slurry to achieve 
a saturated state. The samples were then subjected to three different OCR values and 
consolidated for 12 hours prior to shear testing. The results showed an increase in peak 
shear stress as the surface roughness increased. As the OCR value increased, the shear 
stress also increased, however, the ratio of the peak effective interface friction angle and 
the peak effective internal soil friction angle for each soil tested exhibited independence 
of the OCR as shown in Figure 5. 
21 
Figure 5: Increased Interface Friction Angle (a, c) with Constant Ratio of Interface 
and Soil-Soil Friction Angle (b, d) as OCR Increases (Subba Rao et al., 2000) 
Shakir and Zhu (2009) performed research investigating the interface shear 
strength of clay of different moisture contents in contact with concrete with different 
degrees of surface roughness. Similar to Tsubakihara and Kishida (1993), tests were also 
performed using both the simple shear and the direct shear device to compare the results. 
Many of the conclusions drawn corroborated the results of previous research studying 
sliding versus deformation as the surface roughness increases and the difference in the 
maximum shear strength between the direct shear box and the simple shear device. 
Shakir and Zhu found that as the moisture content increased, the shearing mode became 
more turbulent than sliding. These findings support, to some extent, the reported findings 
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from Eide et al. (1961) stating the dissipation of pore pressures at the wall of a pile 
created an adhering effect between clay and the concrete (or timber). This effect creates 
a shift in the location or type of shearing zone from sliding between the clay and the solid 
structure to a shearing zone some small distance within the clay, which the author states 
as displacement shearing. This effect within the Shakir and Zhu report is related to the 
high moisture content which most likely created a slight increase pore pressure, then 
dissipation occurs into the concrete aiding in the shifting of the shearing location (Eide et 
al., 1961). 
2.3 Concluding Remarks 
Standard design methods often neglect the effects of long-term pile setup which 
produce overly conservative pile capacity predictions. Indicator piles are often installed 
on the site to be tested after a short period of time to verify design prior to the remaining 
construction process. When the common empirical prediction methods are utilized in 
design, they still have limitations and require testing of indicator piles. Research has 
shown that cohesive soils produce an increase in side shear friction after the dissipation 
of the induced excess pore pressure, yet there is no mechanistic design prediction 
available to designers to account for setup. 
From a mechanistic perspective, research has contributed to a relatively 
sophisticated understanding of the interface behavior of clays with solid surfaces. 
However, the laboratory determination of long-term residual frictional increase has not 
yet been thoroughly investigated. 
CHAPTER 3 
FRICTIONAL RESISTANCE PREDICTION MODEL 
With the current state of long-term pile foundation design relying on empirical 
relationships with input variables based on load tests within days of pile installation, there 
is a need to develop a design methodology that incorporates longer-term changes in soil 
characteristics after pile installation. 
3.1 Model Development 
Documentation has shown the significant contribution of horizontal effective 
stresses leading to an increase in shear resistance at the pile wall occurring during the 
dissipation of excess pore water pressure. Axelsson (2000) concluded that the initial 
horizontal stress plays a role in the amount of setup that occurs with time. However, the 
increases in horizontal effective stresses presented in the study were related to the 
relaxation of the arching effect in non-cohesive soils. Cohesive soils lack the structure to 
develop the extensive arching necessary to provide the relaxation effects. Studies have 
also shown an increase in pile capacity with time at a constant horizontal effective stress 
(Karlsrud and Haugen, 1985). Once a hydrostatic state occurs within the soil body 
surrounding the pile, the increase of shear resistance at the pile-soil interface is caused by 
aging within the soil. With the assumption that aging is the sole contributor to the 
increase in side shear after the dissipation of induced excess pore pressure, a relationship 
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is developed to predict the long-term and potentially the ultimate frictional resistance of a 
driven friction pile within a clayey soil. This relationship will be based on the 
assumptions that the horizontal stresses become constant after the excess pore pressure 
has dissipated and that the mechanism of aging can be quantified by measurable soil 
properties. 
3.1.1 Constitutive Side Shear Resistance 
Relationships 
Total side shear pile capacity, Qs, is defined as the frictional resistance times the 
surface area of the pile as Equation 3, 
Qs = T.fsPU, (3) 
where fs is the unit frictional resistance, p is the perimeter of the pile, and AL is the 
incremental pile length over which/? and/x are taken to be constant. 
Schmertmann (1991) indicated that the soil aging-strength-gain effect results from 
the increased basic soil friction and not from the increase in cohesion. Laboratory testing 
performed on a cohesive soil without residual effects after one day and then five days 
produces results indicating not just a constant cohesion, but an overall reduction in the 
cohesion, as illustrated by Figure 6. 
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Figure 6: Cohesion Reduction with Time (Schmertmann, 1991) 
When interpreting the effects from the installation of a pile which result in the 
remolded or residual behavior of a cohesive soil, it would be advisable to assume no 
cohesion effects during the aging process of a driven displacement pile. 
Based on previous research, the frictional resistance per unit wall area will be 
determined on the basis of the effective stress parameters of the clay in a remolded state, 
i.e. c'= 0 (Das 2007). Following the P-method, at any depth of a driven pile, the unit 
frictional resistance can be written as: 
fs = P< (4) 
where 
B = Ktan<p'R, (5) 
with a
 v representing the vertical effective stress and <p'R is representing the drained 
friction angle of remolded clay (residual) (Meyerhoff 1976). Horizontal stresses are 
typically estimated by utilizing the vertical stress with a lateral earth pressure coefficient 
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multiplier, K. Substituting Equation 5 into 4 produces the common equation for frictional 
resistance of a pile 
fs = K(av — u)tan<p'R = a^tancp^, (6) 
where u is the total pore water pressure. Meyerhoff (1976) stated that the lateral earth 
pressure coefficient in clay can be taken at rest, whether soft or stiff, however, there can 
be a wide variation in the value of K and this should only be considered an estimate when 
accurate values are not available. The lateral earth pressure coefficient taken at rest is 
estimated as 
K = (1 - sin (p'R)V0CR. (7) 
By substituting the equivalent value for the lateral earth pressure coefficient, 
Equation 7, into Equation 6, the variables to calculate the unit frictional resistance along a 
pile wall become fundamentally evident as Equation 8: 
fs = (1 - sin <j>'R)y]OCR(pv - u)tan(f)R. (8) 
Schmertmann (1991) provided an initial look into the increase of the mobilized 
friction angle with time. Figure 7 provides experimental results comparing the friction 
angle with the associated axial strain percentage after one day of constant stress, and then 
again after five days of constant stress. During this five day comparison, the change in 
friction angle was considerably larger and more dramatic at lower strains. 
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Figure 7: Increased Friction Component with Time (Schmertmann, 1991) 
Similarly, the stress history of clay typically plays an important role in the 
interparticle behavior. Schmertmann (1991) found that the Over-Consolidation 
Ratio (OCR) will dramatically increase the mobilized frictional component of a clayey 
soil while maintaining a near constant cohesion as indicated by Figure 8. There is not a 
time component to this experimentation, but the effect is fundamentally apparent. 
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Figure 8: Increased Friction Component from OCR (Schmertmann, 1991) 
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Looking into the behavior of the disturbed soil sunounding the pile once the pore 
water pressure has become hydrostatic and based on the assumption that the horizontal 
effective stresses are now in steady-state condition, the remolded friction angle and the 
OCR are the only parameters providing a contribution to the increase in frictional 
resistance. A time element can now be added into the equation to account for the aging 
effect. Therefore, the equation can be written as Equation 9, 
fs(t) = (1 - sin (f)R(t))^fOCR(o-v - u(t))tan(f)R(t). (9) 
The frictional resistance at a specific time after the pile has been installed is 
dependent upon the residual friction angle of the clay, the horizontal effective stress, and 
pore water pressure all at that specific time, based on Equation 9. It will be assumed that 
the OCR will remain constant for the duration of the investigation. The time dependency 
on the pore water pressure is crucial in determining the time after pile installation at 
which the steady-state conditions of the horizontal effective stress occurs. 
The evidence indicates that frictional side shear increases over time and is directly 
related to an apparent increase in residual friction angle as time passes caused by aging. 
Upon first investigation, Equation 9 appears to be a reasonable relationship, because 
common practice suggests the equations used in its development are accurate. However, 
if the unit frictional side shear were to be calculated using Equation 9, there is a 
mathematical deficiency in the hypothesis that an increase in the friction angle increases 
the frictional resistance. A friction angle of 38 degrees produces a maximum value of 
frictional resistance, suggesting that this equation has limitations. As time passes after 
the dissipation of pore water pressure, the effective stress becomes a constant. It can be 
assumed that the OCR is a constant as time passes. In a hydrostatic state with only soil 
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aging occurring, the friction angle is the only contributor to the increase in friction 
resistance with time. Meyerhoff s presentation of the lateral earth pressure coefficient 
equation presented as Equation 7 explains that estimating K using the square root of OCR 
often underestimates the actual value from field data (Meyerhoff 1976). 
Further investigation presented by Mayne and Kulhawy (1982) provides a 
relationship between OCR and the lateral earth pressure coefficient, K, based on a 
statistical analysis of 189 data points. The research reveals a varying relationship 
between K and the friction angle during loading and unloading. Equation 10 shows this 
relationship, 
K = (1 - sin $R)OCRsin(t>K, (10) 
which seems to be more consistent with the trends shown in research. 
Figure 9 provides the graphical representation of the relationship between 
frictional resistance and the friction angle with the two methods described. The normal 
range encountered of residual friction angle of soil is between 10 and 50 degrees, so the 
frictional side shear begins to decrease when using the square root of the OCR. It is also 
encouraging that the frictional resistance begins to have a reduced slope as the friction 
angle increases, suggesting a potential equilibrium state or maximum value as the friction 
angle increases. 
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Implementing the Mayne and Kulhawy relationship into the frictional resistance 
equation produces Equation 11, which will be utilized throughout the remainder of the 
study, 
fs(t) = a-sincp'R(t))(OCRsin^(av-u(t))tancly'R<it). (11) 
3.1.2 Friction Angle Prediction 
Development 
It would appear intuitively apparent that the friction angle would increase in 
disturbed and then remolded clay with time due to the altering of the soil particle 
arrangement when compressive forces are applied. Schmertmann (1981) hypothesized 
this: 
A clay can and will slowly readjust its fabric under drained conditions, 
such as during long periods of time at constant stress. The more easily 
dispersed (moved) particles or aggregates of particles yield by particle-
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to-particle slippages to those particles or aggregates of particles with 
more rigidity and which probably also have more strength and more 
resistance to dispersion. Such slippage and consequent yielding 
produces secondary compression in one-dimensional or isotropic 
consolidation, or creep if the soil can develop shear strain. With time the 
soil becomes stronger and stiffer as a result of the yield-transfer of 
applied shear to those stiffer and stronger aggregates. 
From the statement, remolded soil will gain strength under constant stress over 
time, but the increase in frictional behavior under a constant stress is not defined. Creep 
is defined as the time-dependent permanent deformation that occurs under stress. The 
deformation occurring within a soil block surrounding an installed friction pile once the 
initial stresses have become equalized will be very difficult to measure. Also, as 
previously stated, Schmertmann (1991) showed the most dramatic increase in friction 
angle is in the low strains, which is most likely due to creep effect. The concept of 
developing a relationship based on obtainable soil information using creep theory is 
relevant and useful here. Due to the secondary compressive nature of the soil aging 
process, a simplified creep model was used to predict the remolded friction angle of the 
soil at a specific time. 
The framework of the model begins with the two expected elements of time and 
an initial remolded friction angle. Time will be normalized by an initial time which will 
be the time at which the pore water pressure has dissipated. The relationship between the 
remolded friction angle and time will be logarithmic, which follows the same pattern of 
long-term models in soils. The initial remolded friction angle is assumed to be the 
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standard remolded friction angle of the clay at a hydrostatic state, which remains 
consistent with the assumptions previously stated. Equation 12 provides the beginning 
model, 
0 U O = l o g ( £ ) + 0Ko. (12) 
As previously mentioned in the Axelsson study (2000), it is evident that the 
amount of horizontal effective stress plays a role in determining the increase in friction 
angle achieved. This value, which is typically normalized by the atmospheric pressure of 
lOOkPa, will be added to the model as an influencer to the amount of increase and will be 
quantified by an exponential coefficient. This exponential value will be assumed to be 
dictated by the material properties of the soil and is to be quantified through further 
analysis. 
Schmertmann (1991) showed that shear strength and friction angle of soils will 
increase more dramatically as OCR increases. Enhancing Equation 12 with the 
additional components of OCR and horizontal stress produces Equation 13 which will be 
analyzed to calculate the remolded friction angle of clay after the dissipation of pore 
water pressure based on the initial remolded friction angle, 
0 U O = a0OCRa> ( £ f 2 log ( £ ) + 4>'Ro. (13) 
Where 4>'R(t) is the time dependent remolded friction angle of the clay after the 
dissipation of pore water pressure, o'h is the steady-state horizontal effective stress of the 
clay, pa is the atmospheric pressure to normalize the stress (~ 100 N/m ), t0 is the time at 
which hydrostatic conditions occur within the pore water, (p'R is the initial remolded 
friction angle at t0, and a0, ax, a2 are constants. 
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Similar to the relationship between the capacity ratio and the time ratio with the 
Skov and Denver method, this model uses an initial time to begin the analysis, along with 
a corresponding friction angle. The difference here is that t0 is clearly defined as the time 
when the pore pressure stabilized after dissipation, whereas in the Skov and Denver 
model, t0 is a highly debatable value (assumed to be 24 hours in some cases). Unlike 
those statistics-based models directly for pile capacity prediction, Equation 13 can be 
viewed as a constitutive description of friction angle change during soil aging. 
Additional coefficients ao, aj, and a2 are believed to be factors that take into account 
material properties such as permeability, consolidation coefficients, etc. and will be 
determined using experimental data. 
It should be noted at this point that the remolded friction angles included in this 
model are assumed to be the friction angle within the clay. However, there is a need to 
investigate the friction angle between the pile and the clay to determine if the critical 
failure occurs along the slip surface between the pile and the soil or within the soil mass 
as aging occurs. This concept will be further developed in later sections of this work. 
3.1.3 Hydrostatic Pore Pressure 
Determination 
The time required for the pore pressure to dissipate within a soil mass has been 
extensively investigated. The standard model follows Terzaghi's one-dimensional 
consolidation theory where the excess pore pressure out to one pile diameter from the pile 
can be written as (Wood 2004), 
u(t) = ± sin ( Y ) e~n2(^u0 + uz, (14) 
where D represents the pile diameter, uG is the maximum pore pressure at EOD, and u7 is 
the hydrostatic pore pressure calculated from depth and soil properties. The time factor T 
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is previously presented as Equation 1 and dependent upon the coefficient of 
consolidation. 
It should be noted that the pore water pressure calculated with this model reflects 
the soil within one pile diameter of the pile wall. To reiterate previously mentioned 
research by Eide et al. (1961), if the pile material is porous such as concrete or timber, 
then there is a tendency for the pore pressure to dissipate into the pile material reducing 
the pressure within the soil at a small distance from the pile wall. This rapid dissipation 
could reduce the accuracy of the pore pressure model presented, but more importantly, it 
could change both the amount of frictional resistance as well as the location of the 
shearing zone. 
3.2 Model Verification 
The developed model presented as Equation 13 requires field or laboratory data to 
verify, refute, or enhance its viability and reliability. Ideally, the information would be 
provided by a large database of pile setup research in various types of soils that includes 
unit side shear, pore pressure, and horizontal stress at various depths from continuous 
analysis along a time period of a year or longer from the end of driving. The database 
would also include complete soil boring characteristic data (Atterberg limits, moisture 
content, natural density, consolidation history and coefficients) for the sunounding strata 
before and after pile installation. Such a database does not exist due to the fact that very 
little research providing all of this information has been performed. To the author's 
knowledge, no research has been conducted that combines the previously mentioned pile 
testing procedures with a detailed examination of the soil characteristics at the pile-soil 
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interface with varying depth. The reason for this is the extreme cost of such an extensive 
and lengthy project. 
3.2.1 Long-Term Field Pile Test Data 
An investigation of the increase of friction angle during pile setup is most reliable 
if the data can be obtained from full-scale pile research. The majority of instrumented 
pile research has been used to enhance existing prediction models where only the 
capacity data is required (Titi et al., 1999; Camp and Parmar, 1999). When pore pressure 
measurements are included, the time of the pile testing is only investigated until an 
equilibrium state has been reached, which can be in as little as 1 day and up to 14 days 
(Titi et al., 1999; Long et al., 1999). The most comprehensive research study found by 
the author is presented in Bullock's Ph.D. dissertation (1999) with results from a five-
year long study into the setup effects of five fully instrumented piles installed and tested 
in north Florida in various types of soils. Bullock presents a number of appendices that 
include a large amount of data that prove to be extremely unique and helpful to provide 
further understanding of the mechanism of aging as pile setup occurs. This information 
is critical in the evaluation of the friction angle model presented herein. 
3.2.1.1 Bullock Research Summary and 
Conclusions 
Bullock (1999) conducted a test pile program for nearly five years, in which 
instrumented prestressed concrete piles were driven into coastal plain soils at four bridge 
construction sites in northern Florida. This program presented the most extensive pile 
setup data collected to date, with regard to long-term increased side shear. The primary 
soils in which test piles were driven include soft to medium clays, stiff silty clays, and 
dense fine to medium sands. An Osterberg-cell was cast into the tip of each pile for axial 
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load testing. Strain gauges were installed at soil boundaries. Total stress cells and pore 
pressure cells were installed at 18 pile segments centered in one pile face between 
adjacent strain gauge elevations. Each pile load test series included three to six static tests 
using the embedded Osterberg-cell at the pile bottom to perform multiple staged shear 
testing of the entire pile, with up to 1,727 days in total setup time. In the long-term staged 
tests, shear strains, total horizontal earth pressure, and pore pressure values were 
measured at different segments of each individual pile. Shear force and average shear 
stress acting on the pile wall were then calculated over time in repeated tests, in an effort 
to investigate the time effect on the side shear setup. 
Bullock found that all pile segments, regardless of the type of soil, show setup 
continuing long after the dissipation of pore pressures as shown in Figure 10. The results 
presented in Figure 10 are the total pile capacity with time as indicated initially by the 
estimates from dynamic measurements during restrikes of the pile analyzed by 
CAPWAP, and then from the results of the static axial load testing utilizing the 
Osterberg-cell installed at the pile base. 
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Figure 10: Increase in Pile Side Shear Capacity with Time (Bullock 1999) 
The long-term setup data presented by Bullock in this research using the 
Osterberg-cell requires the complete mobilization of the pile, which causes slight 
disturbances in the soil adjacent to the pile. Thus, the data provided after subsequent 
staged testing might not be entirely characteristic of actual aging effects at the interface 
of the pile. However, this research appears to provide a unique dataset. It should also be 
noted that the piles located at the Seabreeze site (SBZ) and the Aucilla site (AUC) were 
installed in predominantly clay soils and produced the most dramatic side shear increase. 
The research also concluded that the unit side shear increase appeared to be independent 
of the horizontal effective stresses once the pore water pressure had equalized as shown 
in Figure 11. 
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Figure 11: Pile Segment Side Shear and Effective Stress Change After PP 
Dissipation (Bullock, 1999) 
Bullock integrated the results from the investigation into the existing predictive 
models (Skov and Denver) to generate and verify appropriate setup factors While 
individual setup factors were calculated for each pile segment, Bullock concluded that for 
conservative design, a setup factor of 0 2 can be used foi all soils in the North Florida 
region when predicting setup 
While Bullock's reseaich did include a brief study on the use of site investigative 
tools, such as STP, CTPu, and DMT testing, the testing was only perfonned at one pile 
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site. The results from the testing were used to compare with stresses and shear forces of 
the pile load testing and did not include an investigation into the mechanism causing the 
soil aging. Hence, Bullock's research did not include significant subsurface parameters 
such as OCR, consolidation coefficients, plasticity indices of the soils surrounding the 
piles. Boring logs within close proximity to the pile locations with limited information 
were retrieved. 
3.2.1.2 Long-Term Field Testing Results 
From the load testing data files provided by Bullock (1999), the author was able 
to assemble the information to compare the time after pile installation at which the pore 
pressure and the horizontal effective stress became static. Similar to Figure 2, Figure 12 
provides a comparative look at the stabilized pore pressure and horizontal effective stress 
with the increased unit side shear at that specific location. All six pile segments adjacent 
to clay show a similar trend. Table 3 provides the time for pore pressure dissipation and 
the skin resistance increase results for the six pile segments surrounded by clay. 
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Figure 12: Instrumented Pile Data, Aucilla Bridge Pile, at 14 meters Below Grade 
(Data from Bullock 1999) 
Table 3: Pile Segment Skin Resistance Increase due to Aging (data from Bullock, 
1999) 
Pile 
Segment 
Aucilla 
Aucilla 
Seabreeze 
Seabreeze 
Vilano W 
Vilano W 
Depth 
Below 
Grade 
(meters) 
14 
17.5 
17.8 
21.2 
12.3 
15 
Stabilized 
Pore 
Pressure 
(days) 
16 
16 
4 
17 
18 
18 
Skin 
Friction at 
Stabilized 
Pore 
Pressure 
(kPa) 
43 
114 
30 
91 
18 
36 
Skin 
Friction 
at Final 
Load Test 
(kPa) 
77 
136 
86 
115 
27 
58 
Aging 
Time 
(days) 
1710 
1710 
1053 
1053 
139 
139 
Percent 
Increase 
79% 
19% 
186% 
26% 
50% 
61% 
The pore pressures became hydrostatic on or before 18 days and the increase of 
side shear resistance ranges from 19% to 186% after the effective stresses have stabilized. 
Pore Pressure 
H—Horiz. Effective Stress 
0.1 1 10 100 
Time (days), log 
1000 10000 
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To determine the remolded effective friction angle of the soil, Equation 4 can be 
changed to directly include the horizontal effective stress as provided by the testing data 
producing Equation 16, 
fs = K(av — u)tan(pR = cr^tan<pR, (15) 
^ t a n - 1 ^ . (16) 
Is 
Now utilizing Equation 16, the time-dependent remolded friction angle can be 
determined for each measurement of frictional resistance provided by the dynamic load 
testing of each pile. Table 4 provides the results of back-calculated friction angle with 
time after the stabilization of pore pressure. 
Table 4: Back-Calculated Friction Angle Over Time (Data from Bullock, 1999) 
Aucilla 
Time 
(days) 
16 
41 
65 
265 
1726 
14.0 m 
23.3° 
29.2° 
24.6° 
32.9° 
23.3° 
17.5 m 
42.2° 
38.5° 
40.9° 
43.6° 
42.2° 
Seabreeze 
Time 
(days) 
4 
18 
70 
293 
1057 
17.8 m 
10.2° 
16.9° 
25.2° 
28.1° 
28.3° 
21.2 m 
21.8° 
22.8° 
25.5° 
26.2° 
Vilano West 
Time 
(days) 
19 
157 
12.3 m 
17.0° 
30.8° 
15.0 m 
14.6° 
27.4° 
The results given in Table 4 show an increase in both the friction angle of the clay 
and the skin friction, which indicates a direct relationship between the friction angle of 
the clay and the frictional resistance. So, this assumption in generating the basis for the 
model has merit. 
3.2.1.3 Estimating the Over-Consolidation 
Ratio (OCR) 
Research has shown that the OCR plays a role in the amount of frictional angle 
change with time (Schmertmann, 1991). The final variable that can be estimated directly 
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from the data provided by Bullock (1999) in Equation 9 is the OCR value at each pile 
segment depth. Because oedometer testing was not performed on the soil from the pile 
test sites, the OCR for each soil type being investigated along the pile must be estimated. 
Estimation of the OCR at various sites and depths requires the results from common 
subsurface investigation devices. 
A significant amount of effort was used in an attempt to accurately determine the 
OCR of the clay at each pile segment being investigated. There have been a number of 
studies that relate the results from subsurface testing, such as the Cone Penetration Test 
(CPT), the Dilatometer Test (DMT), and the Standard Penetration Test (SPT), to an 
estimate of the OCR. Kulhawy et al. (1990) provided a compilation of these techniques 
to estimate many soil characteristics including OCR. Abu-Fasakh (2004) reported a 
comparison of CPT techniques to estimate in-situ soil properties including OCR and then 
developed a new technique to estimate OCR from CPT data that is reported to be more 
accurate for the Louisiana clays encountered in the study. 
Each site in the Bullock study was tested using the CPT and the SPT devices and 
the data was provided. The Vilano West site was more thoroughly investigated using the 
CPT, SPT, as well as the DMT devices in an attempt to utilize the results from the testing 
to estimate the pile setup. Bullock found the results from SPT showed the best potential 
as a possible precursor test to estimate pile setup. However, research has shown that the 
DMT data can provide more accurate conelations with soil properties due to lowered 
angular interaction of the testing device with the soil creating a less disturbed testing 
surface (Marchetti 1980). The author utilized these correlations between the test data 
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from the SPT, CPT, and DMT as provided by Bullock to estimate the OCR for each pile 
segment in this investigation. The following conelation equations were utilized. 
Table 5: Estimating OCR using Subsurface Exploration Test Data 
SPT 
CPT, 
CPT2 
CPT3 
DMT 
(Mayne and Kemper 
1988) 
(Schmertmann, 
1978) 
(Mayne and Kemper 
1988) 
(Abu-Farsakh 2004) 
(Marchetti 1980) 
/AfcoN*689 OCR = 0.193 — \o'0J 
s 1.13 + 0.04(S/Sn) 0CR =
 k) 
(qc ~ M1'01 OCR = 0.37 — 
\ a'0 J 
(qt — o~vo) OCR = 0.152 Ht , 
OCR = (0.5KD)156 
o'0 = effective vertical 
stress in MN/m 
N6o = Standard 
Penetration Number 
S = (su/o'vo), based on 
cone factor Nkt 
Sn = (SU /O'V O)NC = 0.11 
+ 0.0037 Ip 
o~0 and a'D = total and 
effective stress 
qc = cone resistance 
qt = cone resistance 
avo and o'vo - total and 
effective stress 
KD = Horizontal stress 
index 
Using the data provided by Bullock from the SPT, CPT, and the DMT results to 
estimate the OCR produced a wide range of values. Table 6 provides the calculated data, 
which indicates that these relationships are estimations and may depend on other factors 
not included in the presented equations. 
44 
Table 6: Estimated OCR using Subsurface Exploration Test Data from Bullock 
(1999) 
AUC 14m 
AUC 17.5m 
SBZ 17.8m 
SBZ 21.2m 
VLW 12.3m 
VLW 15m 
SPT 
2.6 
4.7 
2.3 
4.4 
1.1 
1.0 
C P ^ 
23.6 
56.6 
2.8 
1433.1 
0.4 
0.6 
CPT2 
17.0 
24.2 
4.5 
54.0 
0.6 
1.0 
CPT3 
6.7 
9.5 
1.8 
21.1 
0.3 
0.5 
DMT 
-
-
-
-
1.95 
1.85 
The OCR values calculated from the CPT data in most cases appear to be 
overestimated when compared to SPT or the DMT results. Any results producing values 
lower than 1.0 will be taken as 1.0. The extreme value of the Seabreeze pile at a depth of 
21.2 meters is a result of a very large cone resistance value that was also encountered by 
the Standard Penetration Test. Comparing the SPT and the CPT data, there appears to be 
a thin layer of hardened sands or gravels encountered near that depth. However, the 
nature of the CPT estimation equations relies heavily on the Cone resistance to calculate 
the OCR, but is most likely not indicative of the actual OCR of the soils at that depth. 
Typically the OCR value will be larger within the upper 10 to 15 feet of soil and then 
trend toward a normal consolidation behavior as depth increases. Plotting the OCR 
values calculated from the SPT data for each pile segment in the Bullock study reveals 
reasonable and expected trending. 
Based on the values presented in Table 6 and the trending plots in Figure 13, 
along with the depths at which the pile segments for this study were investigated, it was 
decided to use the results from the SPT tests and the DMT tests for OCR for the 
remainder of the research. 
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Figure 13: Estimated OCR from SPT N60 Values, Data from Bullock (1999) 
3.2.2 Time-Dependent Friction Angle 
Determination 
As previously shown, Bullock's research provides the justification for the 
components of the model to predict the side shear based on the increased friction angle. 
Although there may be a question regarding the accuracy of the dynamic CAPWAP 
analysis, studies have shown a relatively good comparison to statnamic or static load 
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testing as stated by Wang (2010b) and Fellenius (1998). The data will also be used to 
verify the validity of the model for use to estimate increased frictional resistance with 
time. 
Now that the data has been evaluated to indicate that the friction angle change 
with time is an apparent mechanism behind the aging process in remolded clays, there are 
still many differences in the characteristics of clays that must be included within the 
model. Unfortunately, additional differences in soil properties for these six pile 
segments cannot be evaluated due to the lack of published subsurface investigative 
information. Thus, the model presented as Equation 13 includes coefficients a0, aj, and 
a2 that must be determined for verification. 
A detailed analysis was performed to determine the coefficients (a0, a], a2) using 
the horizontal stresses, the calculated friction angles, and the estimated OCRs from the 
data collected for each pile segment. The appropriate values were inserted into Equation 
13 to calculate a "predicted" value for the time-dependent residual friction angle with an 
initial guess of 1.0 for each of the coefficients. The friction angles were only calculated 
for the values of t after the pore pressure had stabilized. Then each value of t is 
normalized by t0, the time the pore pressure becomes stable, which was previously 
presented as Equation 13, 
<P'R(t) = a0OCR^{f)2\og(y) + cp'Ro. (13) 
Then, using the least-squares method by minimizing the residuals (Equation 17), a 
basic iterative solver was implemented to determine the material coefficients for each pile 
segment, 
/?es = l ( K - 0 £ ) 2 . (17) 
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Those predicted friction angles were then compared to the actual measured friction angles 
and plotted to show the R = 0.956, as shown in Figure 14. 
10 20 30 
Predicted (p'R 
40 50 
Figure 14: Predicted Residual Friction Angle using a0, ai, a2 Calculated for Each 
Individual Pile Segment 
Further analysis was performed in an attempt to develop these coefficients into 
constants which would allow the verification and incorporation into practice to be greatly 
simplified. However, averaging the values from the six pile segments for each of the 
coefficients created a scatter-plot that cannot be utilized. This is expected, considering 
the differences in material type. The pile segments for the individual piles were then 
combined due to the similarity of the descriptions provided by the boring logs. The next 
analytical step is to average the individual coefficients at each pile. This produced results 
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for the predicted residual friction angle to be much lower when compared to the 
measured friction angle, as shown in Figure 15. 
10 20 30 
Predicted q>'R 
40 50 
Figure 15: Predicted Residual Friction Angle using aoy ah a2 Calculated from the 
Average Values of Each Individual Pile Segment 
The third consideration for determining the coefficients was to utilize the solver 
with just one set of values for each pile, thus combining the iterative step to produce one 
best fit set of a0, aj, and a2 values. This produces the best results based on the R value 
of 0.957, seen in Figure 16. The values for all calculated coefficients are displayed in 
Table 7. 
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Figure 16: Predicted Residual Friction Angle using a0, ah a2 Determined for Each 
Pile 
Table 7: Deterministic Results of Coefficients for Each Pile Location Based on 
Equation 13 
Aucilla 
Vilano West 
Seabreeze 
14m segment 
17.5m segment 
Averaged 
Combined 
12.3m segment 
15m segment 
Averaged 
Combined 
17.8m segment 
21.2m segment 
Averaged 
Combined 
a0 
6.5 
-2.1 
2.2 
5.8 
2.7 
4.2 
3.5 
3.9 
2.7 
2.6 
3.2 
9.2 
ai 
-0.7 
2.4 
0.8 
-2 
2.6 
1.5 
2.1 
2.1 
3.4 
1.1 
3.2 
-7.9 
a2 
-4.5 
-23.9 
-14.2 
-38.4 
0.05 
2.3 
1.2 
0.04 
-2 
1.6 
-3.3 
10.5 
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The coefficients displayed are widely varying, especially with the a2 coefficient 
associated with the horizontal effective stress. Upon further evaluation, when the OCR 
value is varied, the results show a decrease and then a subsequent convergence of 
remolded friction angle with time as shown in Figure 17. These results contradict what 
has been presented in literature which states that the increase in OCR will produce an 
increase in the amount of friction angle. 
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22 
20 
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OCR 
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Figure 17: Predicted Residual Friction Angle with Varied OCR, AUC 14m Depth 
The large range of values presented for the material properties as well as the trend 
of increased OCR actually decreasing the friction angle leads to a change in the model to 
remove the element related to the horizontal effective stress, thus eliminating the a2 
coefficient. The removal of the horizontal effective stress element seems logical 
considering the lack of evidence indicating the effect on the frictional resistance in a 
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steady-state condition. The model will now be evaluated as shown in Equation 18, 
4>'R(t) = a0OCRai\og(£} + cf>Ro. (18) 
The determinations of the coefficients for Equation 15 with the removal of the 
initial horizontal effective stress reveal the expected relationship between the increases in 
OCR and an increasing friction angle. The same pile segment, as shown in Figure 17, is 
again plotted using Equation 18 as the OCR is increased, as shown in Figure 18. The 
trend is similar to what is expected based on the current literature. 
0 2 4 6 8 10 12 
j OCR 
Figure 18: Predicted Residual Friction Angle with Varied OCR, Aucilla 14m Depth 
The determined values for the coefficients are also more consistent within close 
range to the other segments of the same pile, which would be presumably similar 
material. The coefficients using Equation 18 are presented in Table 8. 
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Table 8: Deterministic Results of Coefficients for Each Pile Location Based on 
Equation 18 
Aucilla 
Vilano West 
Seabreeze 
14m segment 
17.5m segment 
Combined 
12.3m segment 
15m segment 
Combined 
17.8m segment 
21.2m segment 
Combined 
a0 
1.2 
3.8 
3.0 
6.0 
2.4 
5.8 
1.3 
1.3 
0.31 
ai 
1.3 
0.014 
1.7 
1.4 
2.8 
1.4 
2.0 
1.1 
3.4 
Comparing the calculated friction angles based on the material factors listed in 
Table 8 to the measured values from the field data reveals a similar comparison to the 
previous equation, as shown in Figures 19 and 20. 
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Figure 19: Predicted Residual Friction Angle using a0 and a} Calculated for Each 
Individual Pile Segment 
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Figure 20: Predicted Residual Friction Angle using a0 and ai Calculated for Each 
Pile 
Based on the similarity of the results of the coefficients aa and a; within each pile 
and the fact that the combined values for each pile produce very similar results to the 
measured values, it can be assumed that the a0 and aj coefficients are material factors. 
Further research should be performed on various soil types to provide validation of this 
assumption. 
3.2.3 Pore Pressure Dissipation 
Determination 
The data provided by Bullock (1999) show that the pore pressures reduced to a 
steady state with time after installation. An attempt to predict the time at which the 
dissipation was completed is not necessary. However a brief investigation into verifying 
the existing prediction of the steady state pore pressure equations, as presented in 
Equation 14, was performed. The time factor, T, required to solve the time-dependent 
pore pressure equation includes knowledge of the horizontal consolidation coefficient, 
which is not known. With the data that is provided, the consolidation coefficient can be 
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back-calculated using Taylor series expansion. When this is performed, reasonable c/, 
values are found when compared to published values of similar material type. However, 
these are values after the pile has been installed and the pore pressure has dissipated 
through heavily disturbed and remolded clay. It would seem reasonable that the 
consolidation coefficient would be significantly different after the pile has been installed 
due to the change in the soil fabric. Further research may be necessary to compare the 
post pile installation consolidation coefficient and then subsequent pore pressure 
relationship with the in situ consolidation coefficient. 
3.2.4 Comparison between the Results 
from the Models and the Field 
Measurements 
The prediction model developed herein to determine the remolded friction angle 
with time appears to provide a close approximation to the actual remolded friction angle 
of the clay once the effective stresses and pore pressures have stabilized. However, a 
more robust analysis to determine the accuracy of the friction angle model is to compare 
the results from the calculated unit frictional resistance based on the developed models to 
the actual side shear values determined from dynamic pile testing. After all, the frictional 
resistance is the value required for standard design for displacement friction piles in clay. 
Also, the process for predicting the ultimate capacity of a pile will include these steps, so 
the methodology is being developed. 
This analysis requires the use of models that include mechanistic properties and 
responsive soil behavior. Calculating the unit frictional resistance of the pile segments 
based on the results from the friction angle requires the previously developed Equation 
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11, where knowledge of the amount of effective stress is a contributor. 
fs(t) = ( 1 - sin (pR(t))OCRs™*K(av - u(t))tan(pR(t). (11) 
Once the unit frictional resistance is determined for each pile segment at the times 
indicated by the research, they are used to calculate the unit side shear resistances using 
Equation 3. .These values are then directly compared to the values presented from the 
load testing of the piles at each specific time and segment. The following Figures 21-26 
are the comparison plots for each pile segment with the time after the pore pressure has 
dissipated. The abscissa values are time plotted in a logarithmic scale and the ordinate 
values are side shear, fs, plotted in arithmetic scale. The values represented on the plots 
are a) the measured side shear from research, b) the calculated side shear using the back 
calculated friction angle from research, c) the predicted side shear using the developed 
prediction model for determining the friction angle, and d) the predicted side shear using 
the Denver and Skov prediction method with the Aa and t0 values for each pile segment 
calculated by using the results from Bullock (1999). 
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Figure 21: Frictional Side Shear Resistance Comparisons, Aucilla at 14m Depth 
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Figure 22: Frictional Side Shear Resistance Comparisons, Aucilla at 17.5m Depth 
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Figure 23: Frictional Side Shear Resistance Comparisons, Vilano West at 17.8m 
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Figure 24: Frictional Side Shear Resistance Comparisons, Vilano West at 21.2m 
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Figure 25: Frictional Side Shear Resistance Comparisons, Seabreeze at 12.3m Depth 
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Figure 26: Frictional Side Shear Resistance Comparisons, Seabreeze at 15m Depth 
The trend of the results from the prediction model in Figures 21-26 show a close 
comparison with the frictional resistance values observed from the field load testing. The 
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purpose of showing the comparison between the frictional resistance calculated by the 
predicted friction angle and the frictional resistance calculated using the back-calculated 
friction angle with the measured frictional side shear is to investigate the potential errors 
involved in constitutive equations between field measurements and friction angle. 
The results from the Denver and Skov prediction method show a mostly 
inconsistent comparison with the measured side shear resistance, with most cases 
showing an extremely conservative trend. The setup factor, Aa, used in the calculations 
for the Denver and Skov results are the specific values back-calculated for each pile 
segment. When using the single recommended value of 0.2, as presented by Bullock 
(1999), the results are even more conservative, as shown in Figure 29. 
An overall comparison between the predicted frictional resistance and the 
observed frictional side shear from the field testing is presented in Figure 27 with an R2 
value of 0.922 when compared to the linear regression equation, which is very similar to 
the 45 degree line. 
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Figure 27: Frictional Resistance Comparison, Predicted vs. Measured 
The same comparison using the Denver and Skov method is presented in Figures 
28 and 29. Figure 28 is the comparison with the setup factor specific to each pile 
segment and Figure 29 is the comparison using the overall recommended setup factor of 
0.2 for all segments. 
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The results from the prediction model compare very well with both the calculated 
values for the skin friction using the calculated time-dependent frictional angle as well as 
the direct measured values for the skin friction. Not only do the results produce a well 
defined linear regression equation with an impressively high R value, the linear 
regression is very close to the 45 degree line to show a high level of accuracy when 
compared to the actual field data. In every case, the Skov and Denver model proved to 
be inconsistent and mostly conservative. When the recommended value of 0.2 is used for 
the setup factor using the Denver and Skov method, the results are even more 
conservative; however, the linear regression for this data does produce a fair R2 value of 
0.77. The values are quite inconsistent with the 45 degree line which shows a 
requirement for curve fitting to improve accuracy. 
3.3 Summary and Conclusions 
Based on previously published research and the configuration of constitutive 
equations, a mechanistically-determined prediction model for pile setup is established 
and is related specifically to the remolded friction angle increase with time. This 
frictional resistance prediction model is based upon the determination of the remolded 
friction angle at specific times and accounts for lateral earth pressure and over-
consolidation ratio once the induced excess pore water pressure has stabilized. 
The model was then further developed using field test data from instrumented 
piles presented in a Ph.D. thesis in Florida (Bullock, 1999). The study includes data to 
determine the hydrostatic stresses after pile installation, frictional resistance values over a 
long period of time after installation, and a small amount of in situ soil data prior to pile 
installation. The OCR was determined using rough correlated estimates based on 
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subsurface investigations. Material factor coefficients had to be produced using iterative 
back-analysis due to the lack of material properties provided by the field data publication. 
The results of the prediction model developed prove to be quite accurate when 
compared to measured restrike pile test results which produce a linear regression equation 
with an R value of 0.922. When comparing the measured results from pile load testing 
to the most widely used method of setup prediction, the new deterministic model appears 
to be much more accurate. The model requires knowledge of the friction angle of the soil 
at the time when the pore pressure becomes stable. Currently, this value must be 
measured or assumed. 
Further experimentation and modeling is required to aid in the determination of 
the soil friction angle over a period of time after the disturbance of the soil fabric once 
the pile has been installed. Also, it would appear that the material coefficients presented 
in the model require a methodology that is soil and site specific and that can be developed 
from subsurface investigation prior to pile installation. Overall, the model developed 
herein is the framework for a new method to predict the ultimate frictional resistance of a 
pile using preconstruction site investigative testing results, whether in the laboratory or 
the field or both. The following chapter attempts to address the experimental remolded 
friction angle increase over time. 
CHAPTER 4 
EXPERIMENTAL INVESTIGATION OF THE LONG-TERM 
RESIDUAL INTERFACE FRICTION ANGLE INCREASE 
The model presented in the previous chapter requires the determination of the 
friction angle between the soil and pile at various times throughout the aging process to 
successfully predict the unit frictional resistances over time. This includes the friction 
angle at the approximate time when the excess pore water pressure has fully dissipated. 
The field data used to verify the approach to the model indicates an increase in friction 
angle between the soil and a structural material under constant effective stress as time 
passes. It is not feasible to install and test fully instrumented piles months in advance of 
most construction projects to aid in the determination of the aging effects on each 
particular site. As with many geotechnical engineering problems, a laboratory analysis of 
a site obtained soil specimen can aid in the determination of in-situ characteristics which 
are utilized in design of foundation systems. Long-term laboratory testing research is not 
cunently available to show this friction angle increase with time. However, the ability to 
simulate and determine the effect of aging on soil/structure interface would be a 
significant contribution to the prediction of pile setup. The results from laboratory testing 
can aid in the verification of the research used to develop the prediction model in the 
previous chapter. This type of experimental testing can also be used to develop the 
material parameters for specific soil types within the deterministic model. A process is 
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developed to determine the time-dependent frictional behavior between clay and concrete 
in a laboratory to provide designers with a method to utilize models to predict long-term 
pile frictional resistance. 
4.1 Selection of Testing Apparatus 
Investigating the frictional relationship between soil and a construction material 
has been studied using various types of apparatus and with many types of material. 
However, there has been very little investigation conducted into the long-term frictional 
behavior of clays and their interaction with structures. Laboratory friction testing is 
typically classified into either a direct shear type (such as shear box, simple shear, or 
torsional shear) or indirect shear type (such as Triaxial shear). The direct shear type tests 
are capable of the direct measurement of both the normal and shear stresses at the 
interface, but lack a controlled moisture environment in which the specimen can be 
tested. The indirect shear test can place the specimen in very specific conditions to better 
simulate in-situ environments, yet require that many assumptions be made to determine 
an indirect measurement of the interface shear stress. The research described in the 
previous chapter requires the ability to vary the preconsolidation pressure in order to alter 
the OCR, the ability to implement different types of construction materials (steel, 
concrete, timber, etc) to interact with the soil, and the ability to apply stresses over a long 
period of time prior to the acquisition of the shearing results. For the purpose of this 
research, the ability to directly measure of the interface shear stress is considered to be 
more important than the ability to control the moisture condition of the soil test sample. 
Plus, there are techniques that can be performed to simulate the appropriate pore water 
pressures within the specimens that are described. For the above reasons, the direct shear 
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type apparatus was chosen as the most appropriate geotechnical laboratory equipment for 
this research program 
The direct shear device permits the placement of a soil specimen directly onto the 
surface of a construction material, such as steel or concrete The most common of the 
shear tests is the shear box test, as illustrated in Figure 30 In this test the soil specimen 
is placed within a container in direct contact with the interface material being 
investigated A force orthogonal to the interface plane can be applied through a porous 
plate to simulate various stress states at the interface The failure plane is predetermined 
to be the interface surface and the stress and displacement during the shearing is captured 
as indicated in Figure 30 
Figure 30: Shear Box Device 
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The shear box test is simple to setup and easily allows the residual effects to be 
determined, as the soil specimen can be moved back and forth with measurements of 
force and displacement in both directions 
The simple shear device replaces the conventional box sunounding the soil with 
small rings that offer laterally independent displacement, as illustrated in Figure 31 
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Figure 31: Simple Shear Device 
The use of rings allows the measurement of both the sliding displacement 
(movement between the clay and the concrete) and deformation displacement (movement 
within the clay) to be determined from the total shear displacement Also, the cntical 
failure plane can be moie easily located, rather than a predetermined failure plane along 
the interface surface as with the shear box device However, due to the nature of the 
disturbance of the sample during failuie, residual shear measurements are much more 
difficult to determine 
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A number of studies have investigated the comparative results between the shear 
box and the simple shear device to show the peak shear strength of soil to be typically 
higher in the shear box due to the predetermined shear failure plane (Shakir and Zhu, 
2009; Subba Rao et al., 2000; Tsubakihara and Kishida, 1993). The predetermined shear 
plane has very little relevance to the interface testing because the focus of research is 
specifically related to this predetermined shear surface between the soil and the concrete. 
There is also criticism that the relationship between stress and strain is non-homogeneous 
within the shear box as compared to the simple shear device leading to errors in stress 
determination. Miller et al. (2006) reported on the results of finite element modeling that 
showed that very little error in stress determination occuned due to the difference in the 
stress-strain state of the shear box test compared to a simple shear test. Also, this 
problem is only relevant from a continuum mechanics perspective and does not 
contribute to significant error in the measurement of the stresses on the interface surface. 
The nature of this research requires the residual frictional behavior of soil 
specimens interacting with a construction material after time dependent consolidation. 
While the simple shear device will allow a thorough investigation into the behavior of the 
specimen displacement, the residual interfacial friction angle is the main focus of this 
research. A more sophisticated shear box apparatus has been used in other research to 
allow the measurement of pore pressure within the sample during testing, however the 
goal of the research enclosed is to develop a methodology that can be implemented 
within standard testing laboratories that do not possess research capable equipment. A 
conventional shear box apparatus is most applicable and will be utilized for this 
experimentation. 
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4.2 Testing Apparatus 
The standard configuration of a shear box type device includes a shear box that is 
separated through the center to allow a soil specimen to be sheared along a plane 
orthogonal to the applied normal force, as shown in Figure 32. 
Figure 32: Conventional Shear Box for Direct Shear Testing of Soil 
For interface testing, the bottom half of the shear box will be replaced with a 
construction material that the soil specimen will interact with, as seen in Figure 33 with a 
small section of concrete. 
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Figure 33: Top Half of Shear Box on Concrete 
Once the soil sample has been placed within the top half of the shear box, the box 
and concrete together are submerged into the water bath of the ELE direct shear machine 
and attached by two locking bolts shown in Figures 34 and 35. 
Shear box 
.iiul concrete 
Figure 34: Specimen Placed in the Direct Shear Machine 
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Figure 35: Direct Shear Machine 
The machine is designed to apply continuous strain-controlled horizontal 
movement to the lower half of the shear box containing the concrete specimen. 
Horizontal displacement is controlled using a microprocessor-controlled drive system 
with strain rate capabilities between 0.00001 mm and 9.99999 mm per minute. The top 
half of the shear box, which includes the soil specimen, is held stationary thus creating 
the frictional response along the interface, as shown in Figure 36. 
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Figure 36: Schematic of Horizontal Load Application to Specimen 
The normal force is applied by a hanging weight lever system with a 10:1 lever 
ratio. The reactive force produced by the interface friction is captured by a 2,000 pound 
capacity S-type load cell. The vertical movement of the specimen during consolidation 
and shearing as well as the tangential movement between the specimen and the concrete 
is captured by two displacement Linear Voltage Differential Transformer (LVDT) 
transducers. The load cell and the transducers are connected to an ELE Autonomous 
Data Acquisition Unit (ADU) for data acquisition. The data is compiled and analyzed 
using the commercially available software ELE Datasystems 7 (DS7). 
In an effort to provide the most time efficient testing results, the samples were 
transferred from the direct shear machine to 1-dimensional consolidation devices during 
the long-term consolidation. This allowed the direct shear machines to be utilized for 
testing short-term consolidated samples during the long consolidation wait periods of 
other samples. The consolidation devices were manufactured by Geotest Instrument 
Corp. and offer the same lever ratio as the direct shear devices to allow similar 
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consolidation conditions. The vertical deformation was recorded manually from the 
digital indicators on each device, as shown in Figure 37. 
Figure 37: 1-Dimensional Consolidation Devices with Interface Samples Submerged 
4.3 Soil and Material Tested 
4.3.1 Construction Material - Concrete 
Of the common pile materials; steel, timber, and concrete, concrete was chosen as 
the construction material for this testing program. One of the primary reasons for this 
selection was that field data utilized in the analysis of the developed model included 
square-shaped concrete piles. Also, concrete was readily available to the author and 
samples could be fabricated to specific standards. 
The sizes of the concrete samples were made to match the lower half of the shear 
box, as described in Section 4.2, which were 130 mm x 130 mm square by 21 mm thick. 
74 
The samples were made in a wooden mold that was sanded using 240 grit sand paper on 
an electronic sanding machine to provide the smoothest surface possible. Roughness 
measurements were not obtained, as piles are not typically subjected to roughness 
requirements. However, in written correspondence with a pile manufacturer in southern 
Louisiana, square-shaped concrete piles are manufactured in steel molds on three sides 
with the top or fourth side being hand-troweled (Price III 2009). It is feasible to assume 
that the surface roughness of a well sanded wooden mold would be comparable to the 
surface roughness experienced from a precast concrete pile. 
The concrete mixture contained a simple two parts Portland cement, one part fine 
aggregate, and one part coarse aggregate. Due to the relatively thin height of the required 
concrete sample, the mixture contained a class A pea-gravel for the coarse aggregate. 
Strength parameters were not obtained or deemed relevant to the research, as the applied 
load was extremely small compared with the strength of concrete. Threaded inserts were 
attached to the mold prior to pouring the concrete shown in Figure 38. These inserts 
were used to receive the clamping screws to attach the top half of the shear box to the 
concrete during the consolidation phase of the experimentation. The location of the 
inserts was dictated by the predrilled holes on the top half of the shear boxes. 
Figure 38: Fabricated Concrete Specimen for Interface Testing 
4.3.2 Clay Samples Tested 
The soil utilized for the experimentation in this research was provided by the 
Louisiana Department of Transportation and Development (La DOTD) Materials Lab in 
Baton Rouge. The DOTD provided all remaining soil specimens from two exploratory 
bore holes from a highway project in Iberia Parish and one bore hole from a bridge 
project in St. Bernard Parish, both located in southeastern Louisiana. The southern 
Louisiana subsurface soils consist mainly of soft saturated clays and silty clays with 
occasional lenses of silt and sand (Titi et al., 1999). The Louisiana "gray clays", as they 
are referred to, are predominant throughout the Mississippi Delta region and remain quite 
consistent in nature and properties, with natural moisture contents ranging from 40% to 
75%, liquid limits between 60% and 85% and Pi's in the middle 50's. The material used 
in the experimentation was from samples 17-19 on the boring log presented in Appendix 
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A and has a calculated specific gravity of 2.68 and a clay fraction of 99% with an 
unconsolidated-undrained shear strength ranging between 4 and 10 tons per square foot 
under loads consistent with depths sampled. 
Care was taken to preserve the consistency of the samples to prevent further 
disturbances. However, because these samples were stored specimens from previously 
tested samples, slight disturbances to the structure of the soil can be assumed. The nature 
of the experimentation requires a residual state of the material, so this disturbance was 
not judged to have a significant bearing on the accuracy of the results. This will be 
further discussed in the section of this chapter regarding the testing procedure. 
4.4 Testing Procedure 
The experimental testing required for this research is time consuming, due to the 
nature of the aging process. The maximum aging time selected was for a period of 90 
days. Other intermediate time-intervals for shear testing were determined to be 1 day, 7 
days, 14 days, and 30 days. It was anticipated that over a 90-day testing period with the 
intermediate time intervals selected, that a clear increasing trend attributable to soil aging 
would be observed in the measured friction angle. 
4.4.1 Soil Preparation 
Soil specimens were trimmed to fit into the upper portion of the shear box using a 
manufacturer supplied cutting ring and porous stones for a spacer to achieve the 
appropriate height. On average, the specimens were approximately 10 mm in height and 
63.5 mm diameter. The weight of each specimen was recorded and varied depending on 
the moisture content of the soil. Once the measurements were recorded, the specimens 
were placed within the upper half of the shear box and then attached to the concrete 
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plates using two stainless steel screws passing through the shear box and threaded into 
the inserts embedded within the concrete plates. This is the initial moment when the soil 
and the concrete create an interface. 
The testing of the interface shear should attempt to mimic the soil condition that 
would have been encountered had piles been driven in the location where the soil samples 
were obtained. In this case, the soil samples were obtained beneath the water table, thus 
to be representative of in-situ soil conditions, test samples should be saturated. The soil 
was relatively well sealed for long-term storage wrapped in multiple layers of plastic, yet 
some moisture had left the material prior to testing. Ideally, the shear box would be 
equipped to fully saturate the samples. However, the direct shear devices utilized do not 
allow a controlled saturation process. As an alternative, the samples were submerged in 
water under a small stress to allow the material to absorb as much moisture as possible 
prior to the aging and shear tests. The samples were placed into either a consolidation 
device or the direct shear device with a small amount of load on the lever arm, equaling 
135 gm. This weight would equate to approximately 4 kPa of normal stress applied to 
the sample. The reason for the small load is to keep the lever arm in contact with the 
sample for deformation measurements while water is added to the water bath. As the soil 
absorbed water, vertical deformation was monitored. Absorption was considered 
complete when the vertical deformation equalized, which required up to 72 hours for 
some samples. The moisture content of the specimens should be similar to the moisture 
content determined during the initial testing of the boring log samples. A comparison of 
all moisture content values will be discussed later in this chapter. 
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Once the specimen deformation reached equilibrium under the small submerged 
loading, the pre-consolidation pressure was applied to each sample. A value of 43.5 kPa 
was used as the baseline for normal stress for all samples tested during this 
experimentation. This pressure was selected because of the convenience of the size and 
quantity of the existing weights in the laboratory. This pressure would simulate a depth 
of approximately 5.6 meters of fully saturated overburden pressure of a homogeneous 
soil with a density of 1778 kg/m3. OCR values for the soil samples were chosen to be 1, 
3, and 6 based on the results presented by Schmertmann (1991) where lab testing was 
performed to compare the frictional behavior between a similar soil having differing 
OCRs of 1 and 4, as previously shown in Figure 8. Thus, specimens that were slated to 
have an OCR of 1 would have a pre-consolidation pressure equal to the consolidation 
pressure of 43.5 kPa. Specimens slated to have an OCR of 3 and 6 would have a pre-
consolidation pressure of 130.5 kPa and 261 kPa, respectively. Vertical deformation was 
measured and recorded once the pre-consolidation pressure was applied to the specimens. 
This pressure was applied to the specimens until vertical deformation equalized, which 
typically required 24 to 36 hours. The pre-consolidation pressure was not removed prior 
to 24 hours, even when vertical deformation had already achieved equilibrium. 
4.4.2 Interface Shearing 
Due to the many variations of interface situations encountered between soils and 
construction materials, experimental testing has been largely developed on a case-by-case 
basis. An attempt was made to develop a procedure for this particular research that 
followed the existing ASTM D3080 standard for direct shear testing of soils. Deviations 
from the standard procedure were made as necessary to acquire specific aging data. 
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It was important that the laboratory procedure developed for this time-dependent 
residual friction angle determination simulated the installation of a driven pile. Pile 
installation creates a heavily disturbed fabric within the structure of the sunounding soils. 
Accordingly, a decision was made to shear the soil specimen along the concrete plate 
immediately after the OCR pre-consolidation pressure stage was complete to simulate 
pile installation. This would generate the residual shearing data required for comparison 
with the aging shear results. Once the vertical deformation reached an equilibrium state, 
the sample was then installed into the direct shear apparatus and a normal pressure of 
43.5 kPa was applied. For specimens with an OCR of 3 and 6, the samples would be 
allowed to rebound until measured deformation values were static. 
The determination of the rate of horizontal displacement during shearing would 
follow the same procedure as indicated by the ASTM D3080 standard for direct shear of 
testing soil. The vertical deformation results from the specimen with an OCR of 1 were 
plotted for the purposes of determining the time for 90% primary consolidation, tgo. The 
t90 value is then used, according the ASTM D3080 (ASTM International 2004), to 
calculate the rate of shearing. The rate of shearing was determined to be 0.26 mm/min. 
An initial shearing rate to of 0.52 mm/min, double the calculated rate, was chosen as an 
attempt to simulate the installation of a pile. It is believed that a faster rate would 
increase the pore pressure within the soil due to the disturbances generated during 
shearing. The direct shear apparatus utilized in the experimentation contains a feature to 
return the water bath to the precise location as before the shearing occurred. This allows 
residual testing to be performed with little effort in relocating the sample to the exact 
location on the concrete plate. The horizontal movement of the water bath with the top 
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half of the shear box remaining stationary and measuring the resistance force occurring 
along the interface occurred until a constant force value was obtained. Then the sample 
was moved back to the original location on the concrete plate and the test movement was 
started again. This forward and reverse movement of the soil along the concrete was 
performed until the residual forces recorded were constant. As expected the initial 
shearing force was higher than the residual forces. A typical shear stress versus 
horizontal displacement relationship during this residual testing is shown in Figure 39. 
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Figure 39: Residual Shear Stress Versus Displacement, Sample SA3B 
After the residual shear testing was completed for each sample, the predetermined 
consolidation pressure was applied to the sample for specified periods of time-increments 
to create an aging effect between the soil and the concrete. As previously stated, the 
experimentation requires similar materials to have differing OCR and consolidation times 
in order to produce the expected variation of the friction angle at the interface. This 
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requires a large amount of material if each test was to be performed individually. In an 
attempt to be more time-efficient, a testing program was established to utilize the same 
soil samples for multiple timed tests. The original testing program was organized with 
the same soil sample to be placed on the same concrete sample for each time test from 
one day up to 30 days. All of this testing could be accomplished within the time frame of 
the 90-day consolidation with just six soil samples, thus producing all test results within 
90 days after the first residual shearing was performed, as shown in Table 9. 
Table 9: Interface Age Testing Program 
Material A 
t = l d 
t = 7d 
t = 14d 
t = 30d 
t = 90d 
Total time: 
OCR = l 
Specimen Al 
SA1B 
SA1C 
SAID 
SA4 
90 days 
OCR = 3 
SA2 
SA2B 
SA2C 
SA2D 
SA5 
OCR = 6 
SA3 
SA3B 
SA3C 
SA3D 
SA6 
At the completion of the consolidation time specified for each sample, an 
additional shear test was performed. This shear test was a standard direct shear with no 
additional back and forth motion as previously described. The assumption for 
performing only one shear test was that the time interval during the consolidation after 
the residual testing would simulate the time of aging of an in-place driven pile. Thus, 
creating a similar effect as with a pile that has been load tested after aging has occurred. 
Then, the increased frictional behavior, or more specifically the residual interface friction 
angle, of the sunounding soils can be determined and compared with the previously 
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obtained residual friction angle. The rate of horizontal displacement for the time-
dependent shearing test was the previously determined 0.26 mm/min. 
After the shearing test, the specimen was removed from the concrete using a 
horizontal sliding motion, as specified by the ASTM D3080 standard to visual observe 
the interface failure conditions. The soil specimen was then removed from the shear box 
and the moisture content was obtained. 
A simplified step-by-step procedure of the interface shear testing program is as 
follows: 
1. Obtain an undisturbed soil specimen that is approximately 10 mm high and 63.5 
mm in diameter; or the measurements of the top half of the shear box used. 
Measure and record the diameter, height, and weight of the sample. 
2. Obtain the moisture content of the trimmings from the specimen. 
3. Install an undisturbed soil specimen into the top half of the shear box and then 
onto the concrete plate, tightening the screws of the shear box to the concrete. 
4. Install the sample (concrete and soil specimen) into a consolidation machine (or 
direct shear machine), apply a small preload to the lever arm (something less than 
200 g), install a deformation measurement device, and take an initial reading. 
5. Submerge the sample and monitor the deformation until equilibrium; at least 24 
hours. 
6. Apply a predetermined normal load to the sample to be the pre-consolidation 
pressure depending on the OCR specified for the specimen. This could be equal 
to the vertical effective stress of the depth where the soil was obtained multiplied 
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by the OCR required for that sample. Monitor the deformation until equilibrium 
or at least 24 hours. 
7. Apply the predetermined stress load to the sample. Monitor the deformation until 
equilibrium. 
8. Install the sample into the direct shear machine and shear the specimen on the 
concrete at twice the shearing speed calculated in accordance with the ASTM 
standards from the consolidation results from the specimen with an OCR equal to 
one. Perform residual shearing of the soil on the concrete until the force 
measurement has equalized and a constant residual force measurement is 
obtained. 
9. Return the specimen to the original location on the concrete plate and reinstall the 
locking screws. 
10. Reapply the predetermined stress load to the sample for the specified period of 
time, monitoring the deformation of the sample throughout the time. 
a. Consolidation times will be 1 day, 7 days, 14 days, 30 days, 90 days. 
11. Shear the specimen on the concrete at the shearing speed calculated in accordance 
with the ASTM standards from the consolidation results from the specimen with 
an OCR equal to one. 
12. After the final shearing test is completed, remove the sample in accordance with 
the ASTM D3080 to visually inspect the interface failure zone. Obtain the 
moisture content of the soil specimen. 
4.4.3 Internal Soil Aging Shear 
The research regarding the laboratory frictional behavior between soils and 
construction materials presented in the literature review shows two different failure 
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mechanisms occurring at the interface depending on the roughness, soil moisture, or other 
unknown reasons (Shakir and Zhu., 2009; Subba Rao et al., 2000; Tsubakihara and 
Kishida, 1993) . The interface shearing procedure described in this chapter only includes 
the direct shearing of the interface with concrete. Using the same soils, the author 
performed a similar procedure without the concrete and using the interface within the soil 
sample, very similar to the standard direct/residual shearing tests described by the ASTM 
D3080 standard. Once the results are obtained from this testing, the results can be 
compared with the interface testing with the concrete to determine if the internal friction 
angle can be related to the interface friction angle and contribute to a better understanding 
of the failure mechanism. 
The procedure for the internal soil shear testing is very similar to the procedure 
described in the previous section. The main differences will be the exclusion of the 
concrete plate and the use of the entire shear box with half of the height of the soil 
specimen in the upper half and the half of the height of the soil in the lower half of the 
shear box. This creates a shearing plane within the center of the soil specimen. It should 
be noted that the consolidation of the specimen in this arrangement will be slightly 
different than the previous section due to the specimen having twice the height. Also, 
there is double drainage for the specimen, as there are brass porous stones installed on 
both the top and the bottom of the specimen. The drainage should not alter the effects of 
the testing, as the concrete in the previous section acts as a porous medium to allow 
drainage. The shearing rate calculated from the consolidation results, in accordance with 
the ASTM procedure, was 0.84 mm/min. Due to time constraints, the last shearing tests 
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was performed after 60 days of consolidation after the residual shearing, rather than the 
90 days performed with the interface testing. 
A simplified step-by-step procedure of the internal soil shear testing program is as 
follows: 
1. Obtain an undisturbed soil specimen that is approximately 20 mm high and 63.5 
mm in diameter. Measure and record the diameter, height, and weight of the 
sample. 
2. Obtain the moisture content of the trimmings from the specimen. 
3. Install an undisturbed soil specimen into the assembled shear box. 
4. Install the shear box into a consolidation machine (or direct shear machine), apply 
a small preload to the lever arm (something less than 200 g), install a deformation 
measurement device, and take an initial reading. 
5. Submerge the sample and monitor the deformation until equilibrium; at least 24 
hours. 
6. Apply a predetermined normal load to the sample to be the pre-consolidation 
pressure depending on the OCR specified for the specimen. This could be equal 
to the vertical effective stress at the depth the soil was obtained multiplied by the 
OCR required for that sample. Monitor the deformation until equilibrium or at 
least 24 hours. 
7. Apply the predetermined stress load to the sample. Monitor the deformation until 
equilibrium. 
8. Install the sample into the direct shear machine and shear at twice the shearing 
speed calculated in accordance with the ASTM standards from the consolidation 
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results from the specimen with an OCR equal to one. Perform residual shearing 
of the soil until the force measurement has equalized and a constant residual force 
measurement is obtained. 
9. Return the specimen to the original location and reinstall the locking screws. 
10. Reapply the predetermined stress load to the sample for the specified period of 
time, monitoring the deformation of the sample throughout the time. 
a. Consolidation times will be 1 day, 7 days, 14 days, 30 days, 90 days. 
11. Shear the specimen at the shearing speed calculated in accordance with the ASTM 
standards from the consolidation results from the specimen with an OCR equal to 
one. 
12. After the final shearing test is completed, remove the sample in accordance with 
ASTM D3080 to visually inspect the failure zone. Obtain the moisture content of 
the soil specimen. 
4.5 Experimental Results 
The data from the consolidation and shear testing was collected by commercially 
available software designed to follow the ASTM standard procedures. Modifications to 
the testing procedure did not alter the acquisition of the data, other than the addition of 
manual recording of vertical displacement during long-term consolidation. The reports 
from the experimental testing are presented in Appendix B. 
4.5.1 Swelling and Consolidation 
Results 
As previously stated, the soil samples provided by the Louisiana DOTD were 
sealed to prevent moisture loss, but it was apparent through visual inspection that some 
moisture loss had occurred from the time the samples were collected. During the initial 
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submerging stage of each sample, the soil absorbed moisture under very small loading in 
an attempt to simulate the in situ conditions. The trimmings collected from the samples 
averaged 35.6% moisture content which is lower than the boring logs indicate, where the 
average moisture content of samples C17 through C20 was 54%. The specimens were 
able to absorb water until the readings stabilized, which required approximately 7 days. 
The average final moisture content of all samples tested was 47.6%, which is a 12% 
increase during the submerged time. The specimens increased in vertical height an 
average of 3.5% during this 7-day moisture conditioning period. All values listed include 
both the specimens used for interface testing and internal soil shear testing. 
The samples were then subjected to the pre-consolidation pressures as indicated 
by the testing schedule in Table 9. The samples subjected to the consolidation pressure 
with an OCR equaling one had an overall increase in sample height of 0.92%, indicating 
the consolidation pressure did not provide enough load to remove the displacement 
gained during the swelling. The samples with OCR of three and six had an expected 
decrease in vertical height of 5.4% and 7.7%, respectively. 
The consolidation plot generated from the specimen with an OCR of one was 
used for the determination of the loading rate of shearing, according to the ASTM D3080 
standard. A consolidation plot from sample SA1C is presented in Figure 40, and is 
typical of the vertical displacement versus time plots of the other specimen exposed to the 
same consolidation pressure. 
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Figure 40: Vertical Deformation Versus Root Time, Sample SA1C 
4.5.2 Residual Shear Strength Test 
Results 
The residual strength gain effects from long-term soil structure changes have been 
shown to occur without an increase in the cohesion of the soil, as visually shown in 
Figures 6 and 8. Based on this information, the direct shear Mohr-Coulomb failure 
criteria can be simplified to solve for the residual friction angle as stated in Equation 19 
(Das 2007), 
<P'R = tan-1 g ) , (19) 
where rR is the residual shear stress and a' is the effective normal stress. The equation 
presented allows for quick determination of the friction angle from each test without the 
need to utilize additional soil samples to increase the normal stress and plot the complete 
Mohr-Coulomb failure envelope. 
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The shear tests were all performed using the same effective normal stress of 43.5 
kPa. The residual stresses were first tested and calculated with consistent values 
regardless of the OCR resulting in an average value of 21 kPa with a standard deviation 
of 2.4 kPa. The residual strength value of 20.8 kPa corresponds to a friction angle of 
25.1 degrees. The Plasticity Index as indicated by the boring log in Appendix A is 
approximately 52. Holtz and Kovacs (1981) show a comprehensive compilation of 3 
studies that compare Plasticity Index with the associated drained friction angle by 
Triaxial test. The results from the residual friction angle testing herein fall within the 1 % 
standard deviation of that conelation. 
4.5.2.1 Interface Residual Shear Testing 
Shear tests were then performed for each sample after the specified aging period. 
The shear resistance between the clay and the concrete increased over time from the 
residual shear stress for all OCR values tested as seen in Figures 41-43. 
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Figure 41: Shear Stress Versus Shear Strain for All Samples with OCR = 1 
Figure 42: Shear Stress Versus Shear Strain for All Samples with OCR = 3 
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Figure 43: Shear Stress Versus Shear Strain for All Samples with OCR = 6 
The data presented in Figures 41-43 provide a unique laboratory depiction of an 
increase in shear strength occurring between a structural material and clay. As the time 
passes during these lab tests, the samples remained under constant environmental 
conditions. So the only feasible explanation to the increase in shear strength over time is 
the rearrangement of the micro-structural elements that were disturbed during the initial 
shear testing, which is consistent with the hypothesis presented by Schmertmann (1981). 
Another observation of the interface aging test data is the influence of the stress 
history of the soil on the amount of shear strength. Figure 45 shows that as the OCR on 
the soil increases, so does the shear stress. The trend was generally similar for all time 
intervals tested, as Figure 44 shows the increase after 90 days of aging. Again, this 
evidence is in agreement with the previously stated research that provided the basis for 
the prediction model developed in Chapter 3. 
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Figure 44: Shear Stress Versus Shear Strain at 90 Days of Aging at Various OCR 
Values 
The shear stress presented in the Figures 4 1 - 4 3 can then be used to calculate the 
friction angles for each time interval for the three OCR test programs. Table 10 presents 
the results from all shear testing and the calculated residual friction angles conesponding 
to each long-term shear test. 
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Table 10: Increased Friction Angle by Direct Shear Age Testing 
Sample 
Initial 
Residual 
Friction angle 
Time 
Consolidating 
(days) 
Time-
Dependent 
Friction Angle 
Friction Angle 
Increase 
OCR = l 
SA1 A 
SA1 B 
SA1 C 
SA1 D 
SA4 
25.3 
26.1 
21.8 
24.2 
26.1 
1 
7 
14 
30 
90 
26.1 
27.9 
27.9 
38.2 
44.0 
0.8 
1.8 
6.1 
14.0 
17.9 
OCR = 3 
SA2A 
SA2B 
SA2C 
SA2D 
SA5 
21.7 
14.3 
19.9 
19.9 
21.3 
1 
7 
14 
30 
90 
26.1 
23.7 
32.2 
37.4 
45.3 
0.0 
5.9 
8.1 
13.3 
19.7 
OCR = 6 
SA3A 
SA3B 
SA3C 
SA3D 
SA6 
21.4 
23.5 
23.1 
21.4 
23.1 
1 
7 
14 
30 
90 
27.9 
33.0 
35.8 
40.0 
48.7 
2.2 
5.1 
8.3 
14.3 
21.3 
Plotting these results in Figure 45 shows an overall increase of friction angle that 
is dependent on the amount of OCR applied to the sample after 90 days of consolidation. 
This is consistent with the previous study by Schmertmann (1991). 
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Figure 45: Friction Angle Increase Over Time with Varying OCR 
Plotting the friction angle after the consolidation has been completed shows the 
value of the friction angle is also increased with a higher OCR, as shown in Figure 46. 
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Figure 46: Friction Angle Over Time with Varying OCR 
The visual observation along the interface after the shearing testing was 
performed produced an interesting occurrence. The shear testing at 1, 7, and 14 days 
showed a sliding failure, meaning the soil slide directly at the concrete indicating the 
critical failure plane to be along the interface. The shear tests at 30 and 90 days showed 
approximately 1.5 to 2.5 mm of soil attached to the concrete at the interface location 
indicating a critical failure plane within the soil and not at the interface, as shown in 
Figure 47. Based on this observation, it would seem reasonable to state that the shear 
strength at the interface is larger than the shear strength of the sunounding soil. 
Figure 47: Location of Critical Failure Plane Within the Soil, Leaving Clay 
Attached to Concrete 
4.5.2.2 Internal Residual Shear Testing 
Internal residual shear testing was performed according to the previously 
described testing program, with some limitations. First, as mentioned, the longest aging 
test was 60 days rather than the 90 days performed on the interface testing due to time 
constraints. Also, the amount of material was limited, which resulted in only one series 
of tests being performed. Since the OCR results were so definitive from the interface 
testing, and previous research by Schmertmann (1991) has shown an increase in friction 
angle due to aging, yet very short-term, the internal residual shear test series was 
performed using an OCR of one. The aging effects on the internal soil friction angle 
were similar to the interface friction angle increase up to 10 days, yet the increase was 
much less than the interface friction angle increases thereafter, as seen in Figure 48. 
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Figure 48: Friction Angle Increase Over Time with Varying OCR and Internal Soil 
Friction Angle 
The calculated friction angle within the soil was interestingly close at the 60-day 
time consolidation as the plots of the interface friction angle in Figure 49. The cause for 
this could be that the lines connecting the points for the interface friction angle are not 
representative of the actual trend the friction angles follow between 30 days and 90 days 
of consolidating. There is potential for the slope of the trend to be larger between the 30 
and 90 days with a more gradual slope at a later time than what is presented. 
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Figure 49: Friction Angle Over Time with Varying OCR and Internal Soil Friction 
Angle 
4.5.3 Conclusions 
A testing method was developed to experimentally demonstrate and determine the 
increased friction angle that is generated under a constant stress over time between a clay 
and concrete, as well as within clay. The results from the testing program indicate that 
there is an increase in the residual shear strength between clay and concrete as time 
passes. The results also show a larger increase in the frictional behavior when the soil 
has been subjected to a larger stress history prior to shearing. 
Similar results apply to the internal shear strength of soil, yet there appears to be 
limit in time when the shear strength either becomes static or is slightly reduced. Due to 
the nature of handling undisturbed soil samples, this type of testing can be subjected to 
disturbances that cannot be visibly noticed, but can affect the results. Also, it would 
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seem appropriate to perform additional internal soil testing with increased OCR to view 
the trends generated and compare to the interface testing results. Unfortunately, with the 
limitations of the soil amount as well as time, there are very few data points to draw a 
definitive conclusion. 
The results from the testing do lead to the following provisional conclusions: 
1. The testing procedure developed to determine the increased friction angle at the 
interface between clay and concrete appears to provide an effective method in 
quantifying soil aging. 
2. The results of the testing program show an increase in frictional behavior at the 
interface between clay and concrete over time. 
3. The larger the pre-consolidation pressure applied to a soil, the larger the increase 
of friction angle between clay and concrete, as the soil ages. 
4. There is tentative data from the testing program that suggests the critical failure 
plane between a soil and concrete moves from the interface (sliding) to a location 
within the soil at some distance from the interface (deformation), sometime 
between 5 and 14 days after the pore pressure has dissipated. 
CHAPTER 5 
PILE CAPACITY PREDICTION METHOD BY COMBINING 
EXPERIMENTAL PROCESS WITH PREDICTION MODEL 
The ability to successfully predict the frictional resistance a pile will obtain some 
time after installation can allow for much more accurate and cost-effective designs of 
deep foundation systems. The equation developed in Chapter 3 of this dissertation is 
designed to be used as a prediction model to determine the time-dependent residual 
friction angle, yet the equation requires two variables, namely aa and aj, which had to be 
back-calculated. Chapter 4 provides a laboratory method to determine the amount of 
residual interface friction angle increase during aging which can be utilized to determine 
the variables developed in the model. Once the material parameters ao and a/ are 
obtained from laboratory experimentation, this deterministic model can be employed to 
predict pile setup to be implemented in pile foundation design. A method is presented 
combining the research described in the previous two chapters to utilize the information 
gathered from the laboratory testing along with the developed prediction model to 
determine the time-dependent pile capacity. 
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5.1 Combining the Laboratory Aging Process with the 
Prediction Model 
The results acquired from the laboratory testing can now be introduced into the 
model to aid in the further development of the method by which pile setup due to aging 
can be predicted prior to construction. As shown in Chapter 4, the time-dependent 
interface testing results between clay and concrete show an increased trend in the residual 
friction angle depending on the stress history of the soil. Similar to the implementation 
of the field testing data for the time-dependent friction angle, the results from the 
laboratory testing can be easily integrated into the prediction model previously developed 
as Equation 13. 
The data from each sample of the laboratory friction testing from Table 10 is 
placed into Equation 13 and then grouped by OCR value, since only one soil type was 
evaluated in the lab. The at value should be the same for all equations because it is 
specific to the OCR and the same soil type is used for all samples. So, the set of 
equations is combined to solve for the aj and a0 values. Then the ai value found is used 
in each grouping of equations separated by OCR to determine if the resultant ao value is 
similar to the combined value. If the aQ values are consistent between each of the set of 
equations, then they can be considered material factors, since the material is the same and 
the only difference being the stress history. This would agree well with the previously 
stated conclusions that the initial residual friction angle increases with a larger OCR for 
the same soil. 
Once again, a basic iterative solver was implemented using the least squares 
method by minimizing the residuals (Equation 17) to determine the a0 and a/ variables 
for of the entire set of equations. The same iterative analysis was used to also determine 
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aa and aj values by grouping the equations by OCR, to compare the overall values with 
the individual values. The values determined were very similar as shown in Table 11. 
Table 11: Deterministic Results of Equation 13 Variables a0 and a? 
OCR 
1 
3 
6 
Combined 
a0 
7.05 
6.39 
7.04 
6.82 
ai 
0.135 
0.135 
0.135 
The at value for the OCR of one is not significant due to the nature of the 
exponent. Comparing the calculated friction angles based on the variables listed in Table 
11 to the measured values from the laboratory data reveals a favorable comparison, as 
seen in Figure 50. 
Figure 50: Comparison of Predicted Residual Friction Angle using a0 and a} 
Calculated Individually for Each OCR Group 
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The values of the a0 and aj variables between the different OCR groupings are 
very similar, suggesting that these values are specific to the soil. Unfortunately, there is 
only one type of soil tested to provide this conclusion, but the preliminary discovery is 
encouraging. Based on this discovery, it can be assumed that these values are soil 
characteristic coefficients and can quite possibly be conelated to one or more soil 
property, such as Plasticity Index, clay fraction, clay mineral, etc. More research should 
be performed to generate a more conclusive correlation, but the framework is developed. 
Combining the test data from each OCR allows for the determination of one set of 
a0 and aj variables which generates one prediction equation for this specific soil type, 
thus simplifying the design procedure. Equation 21 would be the friction angle 
prediction equation for the soil type tested with the newly developed experimental 
procedure, 
4>'R{t) = 6.82 OCR0-135 log (£ ) + cp'Ro. (20) 
Equation 21 was used to solve for the predicted friction angle values at the same 
time intervals as the laboratory testing. A comparison of the predicted values versus the 
measured values is provided in Figure 51. 
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Figure 51: Comparison of Predicted Residual Friction Angle Using a0 and ai 
Calculated from Combined Tests 
The R values from the trend-line generated from Figures 50 and 51 show a 
relatively close correlation between the predicted values using back-calculated 
coefficients and the measured values. The correlations between the individual 
coefficients and the combined coefficients are very similar, which is very positive since it 
is ideal to have one prediction equation for each soil type encountered. To summarize 
these findings, the aD value is a multiplicative term associated with the time variation and 
the aj value is the exponent that adjusts the intensity of OCR for calculating long-term 
friction angle. It can be concluded that these values appear to be soil specific and can be 
considered soil parameters, where a0 might be called the time factor and aj the 
consolidation factor. 
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5.2 Predicting Pile Capacity using the Friction Angle 
Prediction Model 
The main objective of the research is to develop a methodology to implement 
more accurate long-term frictional behavior based on soil properties into the design for 
driven piles. Using the information obtained through the laboratory testing program 
developed herein and the resulting enhanced prediction equation for the time-dependent 
friction angle, Equation 20, also developed within this research, a preliminary method for 
pile design can be presented. 
5.2.1 Proposed Pile Capacity 
Calculation Procedure Utilizing 
Setup 
The following steps provide a method for pile capacity determination based on 
experimental soil aging test data. The calculated time-dependent pile capacity can then 
be implemented into the commonly utilized P-method to design the pile dimensions. 
1. During preliminary site investigation, obtain undisturbed soil samples at 
standard depth intervals and when soil strata changes. 
2. Specimens obtained from clay samples should be tested in the laboratory with 
standard property tests, as well as consolidation and OCR determination. 
3. Specimens obtained from the clay samples are tested according to the 
procedure presented in Chapter 4. Long-term testing can be performed up to 
30 days for faster results. 
4. The results from the long-term friction angle testing are then used to 
determine the soil coefficients in Equation 13. 
5. Determine the frictional resistance for the pile segment according to Equation 
11 with the time-dependent friction angle calculated from the enhanced 
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Equation 13 at some time after the dissipation of pore water pressure. 
Possibly recommend a time 50 to 100 days after the dissipation of pore water 
pressure. 
6. Implement some safety factor and then calculate the dimensions of the pile 
using the pile capacity equation with the sum of all segments of soil the pile 
will encounter. End bearing should also be added if applicable. 
5.2.2 Pile Capacity Determination based 
on Proposed Calculation 
Procedure 
An example of a pile design using these steps is now shown using the 
experimental data presented in Chapters 4 and 5. The pile capacity process will have the 
following assumptions: 
The material within a proposed segment is homogeneous and 10 meters thick 
The proposed segment begins 5 meters below the surface and the water table is at 
the surface 
The proposed segment has an average determined OCR of 6 
Any excess pore pressure has been dissipated and pore pressure is hydrostatic 
Friction angle of the clay at the completion of the pore pressure dissipation is 
equal to the initial residual friction angle from laboratory tests 
Any pile setup obtained during the dissipation of pore water pressure is included 
in the initial equation 
The common material for the region is a square concrete pile, so laboratory tests 
are performed with concrete 
The laboratory testing previously performed according to Chapter 4 is used to 
develop Equation 20 for the material tested. The vertical stress and pore pressure is 
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calculated based on the assumptions and are equal to 209 kPa and 98 kPa, respectively. 
Now utilizing Equation 20 and Equation 11, the time-dependent friction angles and 
frictional resistance values are calculated and presented in Table 12. 
Table 12: Time-Dependent Increased Frictional Resistance Using Soil Aging 
Time (days) 
1 
14 
100 
365 
Friction Angle 
(degrees) 
27.9 
37.9 
45.3 
50.2 
Frictional 
Resistance (kPa) 
1324 
1832 
2121 
2237 
Based on the proposed method developed in this research, the frictional resistance 
of a pile after a year installed is more than double from the initial resistance taken at day 
one. Even more significant, the 14-day frictional side shear value shows an increase of 
nearly 38%. Even if designers were to neglect the increase of side shear beyond the 14-
day prediction to remain conservative, the design would still provide a significant benefit 
to the reduction of the pile size and then overall cost to a project. However, it should be 
noted that these values are site specific and derived based on many assumptions. 
Fourteen days is typically the required amount of time that indicator piles are load 
tested to verify the design on the specific project in the state of Louisiana. Utilizing this 
proposed procedure for design and then subsequent implementation can easily be verified 
without any additional steps in the construction process. Utilizing the proposed method 
of setup with aging test data within the pile design can be completed prior to construction 
with potentially smaller piles that can be installed in less time. 
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5.2.3 Comparison of the Proposed 
Method to Existing Setup 
Prediction Methods 
Implementing one of the previously mentioned empirical methods, such as the 
Skov and Denver method, requires previous knowledge of the soil interaction with piles 
to provide the setup factor, A, or, for a more accurate setup prediction, preconstruction 
pile installation and testing to produce the setup factor. The latter requires a significant 
amount of time and cost, because the installed pile requires testing and then a potential 
design change based on the results of the test data. While the former can be accurate, 
research presented herein has shown inconsistencies with this method. 
A comparison with the proposed method will be made to the Skov and Denver 
method using a setup factor calculated from the results of the laboratory testing with the 
assumption that the frictional resistance values were gathered by indicator pile load 
testing. The previously mentioned assumptions will be used. Based on the 1-day and the 
14-day results, a setup factor A can be calculated using Equation 1, 
1832 . . 14 , . 
= ,41og10 — + 1. 
1324 toiu 1 
The calculated setup factor, A, equals 0.335. The setup factors presented in Table 
1 show Skov and Denver as well as Bullock suggesting a value of 0.2 to be used for clay. 
The proposed method is compared to Skov and Denver prediction method using both 
setup factors. The side shear comparison will be for a segment 10 meters thick starting at 
five meters below the surface with homogeneous clay identical to the soil used for the 
laboratory testing presented in Chapter 4. The pile is concrete and has a perimeter of 
1.83 meters. Figure 52 provides the results from the calculations from the two methods 
one year after installation. 
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10 100 1000 
Log of Time (days) 
•Proposed Method ™t"-S&D, A = 0.4 S&D,A = 0.2 
Figure 52: Segment Side Resistance Comparisons between the Aging Process 
Proposed and the Skov and Denver Method 
The Skov and Denver method using the calculated setup factor of 0.335 shows 
slightly higher results than the research method proposed. This indicates the design 
would be quite similar, yet the method proposed in this report for setup due to aging 
would provide a significant cost savings than the Skov and Denver method that requires 
indicator pile testing prior to construction. The same empirical method using the 
published setup factor of 0.2 shows a much more conservative design, potentially 
requiring larger piles with further embedment depth. The trend of both Skov and Denver 
prediction equations is continuously increasing, while the slope of the prediction method 
developed in this report is reducing as time passes. The significance of the deterministic 
method presented herein is that it incorporates the pile setup mechanism of soil aging 
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within the prediction model, unlike those methods that are completely empirical, such as 
the Skov and Denver method. 
5.3 Summary and Conclusions 
The experimental process presented in Chapter 4 appears to provide evidence that 
the properties of the soil can be linked to the amount of frictional resistance increase 
when in contact with concrete at a constant normal stress over time. With the data 
provided in the laboratory procedure, an enhanced prediction equation based on the 
model presented in Chapter 3 can be developed for a specific soil type. The model can 
then be used to predict the amount of side shear resistance due to aging effects a pile will 
be subjected to over time after the dissipation of pore water pressure. 
The method was presented to determine the increased side shear with time using the 
experimental results obtained during the laboratory research portion. The method 
presented results similar to an idealized empirical setup method. Additional large-scale 
pile testing should be performed to correlate with the method proposed for further 
verification. However, based on the results presented from the example herein, this 
proposed method of determining the side shear resistance for pile design with 
contribution from aging effects appears to be a feasible method when clay soils are 
encountered. Implementing this design can potentially lead to significant cost savings on 
projects requiring pile foundation systems. 
CHAPTER 6 
CONCLUSIONS AND RECOMMENDATIONS 
6.1 Conclusions 
The following conclusions are derived from the results of the presented research: 
1. A mechanistically-determined prediction model for pile setup in clay due to aging 
is established which relates specifically to the remolded friction angle increase 
with time after the dissipation of excess pore water pressure induced during 
installation and the OCR of the soil. 
2. The model requires the determination of two coefficients ao and aj, the time factor 
and the consolidation factor, respectively, which appear to be directly related to 
the properties of the soil. These two factors can be measured by performing 
simple and regular laboratory experiments. 
3. Testing data from full-scale instrumented piles published in previous research was 
used to compare the predicted values of capacity obtained from the model with 
the measured capacity and proved to be quite accurate producing linear regression 
equation with an R2 value of 0.922. 
4. The predicted capacity using the new model was much more accurate than the 
prediction obtained from the conventional empirical method of setup prediction. 
5. A testing method was developed to experimentally simulate the increased friction 
angle that is generated under a constant stress over time between a clay and 
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concrete using conventional direct shear apparatus. A detailed analysis to find the 
the two coefficients of ao and a^was formulated. 
6. The results from the testing program of a group of samples of one type of clay 
from south Louisiana indicate that there is an increase in the residual shear 
strength between clay and concrete as time passes. The results also show a larger 
increase in the frictional behavior when the soil has been subjected to a larger 
stress history prior to shearing. 
7. The testing procedure developed to determine the increased friction angle at the 
interface between clay and concrete appears to provide an effective method in 
quantifying soil aging. 
8. Combining the prediction model as well as the laboratory procedure developed, a 
method to predict the frictional resistance of a pile due to aging prior to 
installation of on-site indicator piles was presented. 
9. The long-term setup prediction method presented results similar to an idealized 
empirical setup method. Based on the results presented from the example herein, 
this proposed method of determining the side shear resistance for pile design with 
contribution from aging effects appears to be a feasible method when clay soils 
are encountered. Implementing this design can potentially lead to significant cost 
savings on projects requiring pile foundation systems. 
10. The conventional estimation for the lateral earth pressure coefficient, K, used to 
detennine the horizontal earth pressure in over-consolidated soil 
K = (1 - sin (p'R)V0CR 
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was shown to produce inaccurate estimates as the friction angle increases. The 
results produced using the following equation proved more accurate using this 
specific data, 
K = ( l - s i n 0 ^ ) O C / ? s i n ^ . 
6.2 Recommendations 
The conclusions presented in this report leads to additional routes of research that 
should be followed to further enhance the methods previously described. 
1. Ideally, the most effective work that can be performed is to install fully-
instrumented piles into various soil types exhibiting setup behavior. These piles 
should be load tested at time intervals after installation to at least a year. Also, 
laboratory testing of the same soil at various depths of the pile should be 
performed to complement the methods proposed herein. 
2. Additional experimental testing with differing soil properties, such as PI, Clay 
Fraction, Clay mineral should be performed to potentially correlate to increased 
frictional behavior with time. 
3. Additional long-term experimental testing to include the full range of internal 
shear testing with differing OCR values with differing soil types to enhance any 
correlations presented. 
4. Study the effects of the pore pressure dissipation and the relationship with the 
coefficient of consolidation or the hydraulic conductivity. Determine the amount 
of setup that occurs and the time at which aging is the sole contributor. 
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5. Based on the results from the other recommendations listed, develop complete 
method to determine an efficient, effective prediction of pile setup using common 
subsurface sampling techniques and standard lab testing devices. 
6. A study into the micro- or nano- particle rearrangement within the clay fabric 
during the aging process could lead to a better understanding or a correlation 
between the shape of clay mineral and the increase in shear behavior. 
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EXPERIMENTAL TEST REPORTS 
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Shear Strength by Direct Shear 
j (Smalt Shear Box) 
CUent 
Project 
Itoreliolt 
Research Lstb Ref 
Sample 
cm 
SAl B 
Test Details 
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Sample Type 
Lab. Temperature 
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Variations from 
procedure 
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Stages 
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Specimen Reference 
Depth within Sample 
Initial Height 
Structure Preparation 
Initial Wet Unit Wekjbl 
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Tested Dry or Submerged 
Comments 
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o Qoooln 
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86 28lbS'tt3 
127 35IM fJ3 
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Orientation within Sample 
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Shear Strength by Direct Shear 
(Small Shear Box) 
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Shear Strength by Direct Shear 
{smaii Shear Box) 
Cleat 
Project 
Bn re bole 
Research Lab Rrf 
Job 
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C I S 
SAl B 
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Shear Strength by Direct Shear 
(Small Shear Box) 
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procedure 
ASTM D3080 03 / AASHTO 
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Final Dry Unit Weight 
Tested Dry or Submerged 
Comments 
D 
0 0000m 
0 4250 in 
117 43 Ib«t3 
86 28 lb* ft3 
128 2T Ibfft3 
86 28 Ibf ft3 
Description 
Orientation within Sample 
Area 
Initial Water Content* 
Degree of Saturation 
initial Voids Ratio 
Final Water Content 
Dry Mass 
4 83174IH2 
36 1 °o 
(trimmings 32 6 °/o) 
50 29 ° s 
118 737 
46 34% 
0 1 025 lb 
Submerged 
CJJ ulal j tsxm initial ami dr\ ^ t h ^ ^ f w b o k sp. in^.n 
Deformation vs Square Root Time 
Time Square RoolMms 
0 S 10 IS 20 25 
1 E 3 0 6 
0 04X502 
0,00004 
0 00006 
c 
2 aooooe 
o 
p ooooi 
c 
• | 0 00012 
0 00014 
Q00016 
0 00016 
0 0002 
J 
( 
1 
J 
I 
! 1 
• - • - # • » • » » - » — • • • • • - » 
i 
i 
• 
1 I I is !'• t P i v H t •> 
122 
Shear Strength by Direct Shear 
(Small Shear Box) 
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Shear Strength by Direct Shear 
(Small Shear Box) 
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Projed 
Borelwle 
Research Lab Kef 
3i*h 
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Shear Strength by Direct Shear 
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Shear Strength by Direct Shear 
(Small Shear Box). 
Client 
Project 
Bore bote 
Research L»b Ref 
Job 
Sample 
CJ 8 
S A I B 
Cond i t i ons at Fai lure 
Normal Stress 
Peak Strength 
Horizomat Deformation 
Residual Stress 
Vertical Deformation 
0 64 psi 
3 88 psi 
0 0132 111 
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Shear Strength by Direct Sheal | 
(Small Shear BOM) & 
t 1 # 
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Borehole 
Research Lab Ref 
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Test Details 
Standard 
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Sample Description 
Variations f rom 
procedure 
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Shear Strength by Direct Shear 
(SmaK Shear Box) 131 
Clteni 
Project 
Burehwlc 
Rewtttit i Lab Ref 
J t * 
Sample 
CIS 
S A 1 B 
Cond i t i ons at Fai ure 
Normal Stress 
Peak Strength 
Horizontal Deformation 
Residual Stress 
Vertical Deformation 
0 64 psi 
3 41 psi 
a 0125 in 
0 00 psi 
-0 0002 in 
Tested B\ 
ijid Date 
t ht>i led H\ 
.ndDdtc 
•\ppuwd B\ 
^nd D ne 
f 11 l i t " S A I mil PJIV - r>t ^ 
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Shear Strength by Direct Shear 
(Smalt Shear Box) 
Client 
Project 
B*ret»Ie 
Research Lab Ref 
Job 
S^aimpte as SAl C 
Test Detai ls 
Standard 
Sample Type 
Lab. Tomperauiro 
Sample Description 
Variations f rom 
procedure 
ASTM mORO-03, AASHTO 
T236-92 
Thin waled push in sample 
70 0 dog.F 
Particle Specific 
Gravity 
Single or Multi 
Stage 
Location 
18*5 43 
Multi Stage 5 
Stdtjeb 
initial mcisturo thon rosid ja l thon 14 day shear 
Mono 
Specimen Reference 
Depth within Sample 
Initial Height 
Structure / Preparation 
Initial Wet Unit Weight 
Initial Dry Unit Weight 
Final Wet Unit Weight 
Final Dry Unit Weight 
Tested Dry or Submerged 
Comments 
Specirr 
A 
0.0000m 
0 4070 in 
109 45 Ibi'1t3 
7 2 07 ib f ' f t3 
108 27 Ibf1t3 
/ I JO Ibf ' f t i 
t e n D e t a i l s 
D e s c r i p t i o n 
O r i e n t a t i o n w i t h i n S a m p l e 
A r e a 
In i t ia l Water Con ten t " 
Degree o f S a t u r a t i o n 
In i t ia l V o i d s Rat io 
F ina l Wate r C o n t e n t 
D ry Mass 
4.9Q900 m2 
51 9 % 
(tr immings 41 9 Iht 
60 27 °4 
142 351 
D 1 * 86 Vo 
0 OBJi! lb 
SiKMrscrgod 
* Caicikilcd trtsm imuai <srii dr> « i j b ! v ui A hob spsxiak'n 
Defermation vs Square Root Time 
3.01 
0 01 
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Shear Strength by Direct Shear 
(Small Shear Box) 
Client 
Project 
ftoreliole 
Research Lab Kef 
Sample 
C18 
SA1C 
Conditions at Failure 
Normal Stress 
Peak Strength 
Horizontal Deformation 
Residual Stress 
Vertical Deformation 
S 34 psi 
3 10 psi 
0 0363 III 
2 58 psi 
0 0009 in 
Tested B\ 
md Da e 
Chetkcd B> 
and Dae 
Apprmed B\ 
and Da e 
id nt P d ^ 1 ! 
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Shear Strength by Direct Shear 
(Small Shear Box) 
Client 
Project 
Borehole 
Research Lab Ref 
Joh 
Sample 
CIS 
S A 1 C 
Test Details 
Standard 
Sample Type 
Lab. Temperature 
Sample Description 
Variations from 
procedure 
ASTM D3080-03 ' AASHTO 
T236-92 
Thin walled push in sample 
70 0 deg F 
Particle Specific 
Gravity 
Single or Multi 
Stage 
Location 
185.43 
Single Stage 
14 day shear specimen B for SA1C 
None 
Specimen Details 
Specimen Reference 
Depth wi th in Sample 
initial Height 
Structure Preparation 
initial Wet Unit Weight 
Initial Dry Unit Weight 
Final Wet Unit Weight 
Final Dry Unit Weight 
Tested Dry or Submerged 
Comments 
B 
D 0000in 
0 4070 in 
111 20 !btft3 
72 98 lbM3 
111 87 Ibfft3 
73 40 Ibf'ftS 
Description 
Orientation wi th in Sample 
Area 
Initial Water Content* 
Degree of Saturation 
Initial Voids Ratio 
Final Water Content 
Dry Mass 
4.33174 in2 
52 4 % 
(trimmings. 41 9 %} 
61.66% 
140 605 
52 4 1 % 
0.0830 lb 
Submerged 
* Csku!ah:d (rt»m mtiidt *MKJ dr\ A^i^hty ui ^ 1K>L ->po<:im r^s 
Deformation vs Square Root Time 
GQO05 
a 0015 
Time Square Hoot 
1.5 2 
, 1 
\ 
\ 
\ 
\ 
* * • * 
" • — « K . 
' * *—-^ » *-—~.^ _ 
* • — • - • 
I I I I k m Hi Jl Pasje ! nt 
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Shear Strength by Direct Shear 
(Small Shear Box) 
Client 
Project 
Btircholc 
Research Lab Ref 
Job 
Sample 
CIS 
S A J C 
Shear Stress Vs Displacement 
as 
3 
» 2 
£ 
« 
1 
OS 
o 
* • $ 
1<+-4* m 
'% • » - • - • < < • < - • * »- •>^M"»-»#>#'»->* 
0 10 20 30 40 50 60 70 
Relative Lateral Displacement % 
80 90 100 
Change in Specimen Thickness Vs Displacement 
Relative Lateral Displacement % 
10 20 30 40 SO 60 70 80 90 100 
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OR 
- 0 00025 
-0 0002 
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0 0001 
- 0 00 005 
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1 
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Shear Strength by Direct Shear 
(Small Shear Box) 
Client 
Project 
BorehftU? 
Research Lab Rrf 
I«h 
Sample 
CIS 
S\\ C 
Conditions at Failure 
Normal Stress 
Paak Strength 
Horizontal Deformation 
Residual Stress 
Vertical Deformation 
S A 1 psi 
3 41 psi 
D 0097 in 
0 00 psi 
0 ntft2 in 
Tested B> 
jfld Date 
decked B\ 
and Date 
Approved B> 
jnd Dale 
11 I iivnuti inal PiBp <01 ^  
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Shear Strength* by-Direct Shear 
(SroaJI Shear Box) 
Client 
Project 
Borehole 
Research Tab Ref 
Jeb 
Sample 
CI 8 
SAl D 
Test Deta i ls 
Standard 
Sample Type 
Lab. Temperature 
Sample Description 
Variations f rom 
procedure 
ASTM D3080-Q3 / AASHTO 
T236-92 
Thin wailed push in sample 
70 0 deg F 
Particle Specific 
Gravity 
Single or Multi 
Stage 
Location 
165 43 
Multi Stage • 5 
Stapes 
30 day shear ResiduaJ shear 
None 
Specimen Details 
Specimen Reference 
Depth wi th in Sample 
initial Height 
Structure Preparation 
Initial Wet Unit Weight 
Initial Dry Unit Weight 
Final Wet Unit Weight 
Final Dry Unit Weight 
Tested Dry or Submerged 
Comments 
A 
0 0000in 
0 4050 in 
103 03 I btft 3 
63 91 Ibf.ft3 
105 97 lbff!3 
63 84 lbf'tt3 
Description 
Orientation wi th in Sample 
Area 
Initial Water Content* 
Degree of Saturation 
Initial Voids Ratio 
Final Water Content 
Dry Mass 
4 90900 in2 
61 2 % 
(trimmings 48 4 %l 
63 04 % 
160 666 
65 99% 
0 0735 lb 
Submerged 
" Ciik uialcd 1 T<?m smiuil *smi dry wetirhLs oi ^ hole ^pcvimeo 
Deformation vs Square Root Time 
0.0014 «• 
a 0016 
Time Square Hoot Mms 
I S 20 
0.0022 
&QQ26 
1 t~ ' 
1 1 
\ 
*\ 
\ • - • — • — * > — • — * • — # — —* 4 
i [ ^ irjrerpaiirtua! PJHX* I ut 3 
Shear Strength by Direct Shear 
(Small Shear Box) 
Client 
Project 
Borebole 
Research Lal» R«f 
Job 
Sample 
CIS 
SAl D 
Shear Stress Vs Displacement 
fi 
I 
M 
j1 
30 40 so so 
Relative Lateral Displacement < 
I 
1-
70 80 90 100 
Change in Specimen Thickness Ys Displacement 
Relative Lateral Displacement * . 
10 20 30 40 SO 60 70 80 90 100 
-omoi 
0 0003 
0 00 08 
0,0013 
00018 
0 0023 
0 002S 
ODD 33 
0 0038 
0 0 0 43 
lnr-™„ 
KM*. <>! H n r i / o n l a J i ' l s p l . t i u m n t S ta je I OOJlKKKl t rVnun Stj<_v 1 0 0_0i*i K>in/nj«n s t a g e s 
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Shear Strength by Diract*Shear 
(Small Shear Box)% -
Clfcnt 
Project 
Bare hole 
Research Lab Kef 
Job 
Sample 
CIS 
SAID 
Conditions at Failure 
Normal Stress 
Peak Strength 
Horizonta Deformation 
Residual Stress 
Vertical Deformation 
6 34 psi 
3 95 psi 
0 0083 in 
2 84 pst 
0 0027 111 
Tested B> 
and Date 
Checked Bv 
and Dtte 
<\ppp vecl B\ 
and Date 
I I F inurm-Ui > m P^e 1 ol 3 
Shear Strength by Direct Shear 
(Small Shear Box) 
Client 
Project 
Borehole 
Research Ls»l> Ref 
Job 
Sample 
CU 
SAID 
Test Detai ls 
Standard 
Sample Type 
Lab. Temperature 
Sample Description 
Variations from 
procedure 
ASTM D3080-03 • AASHTO 
T236-92 
Thin walled push in sample 
70 0 deg F 
Particle Specific 
Gravity 
Single or Multi 
Stage 
Location 
165 43 
Single Stage 
30 day shear 
None 
Spec imen Detai ls 
Specimen Reference 
Depth within Sample 
Initial Height 
Structure i Preparation 
Initial Wet Unit Weiqht 
Initial Dry Unit Weiqht 
Final Wet Unit Weight 
Final Dry Unit Weight 
Tested Dry or Submerged 
Comments 
B 
0 0000m 
0 4050 in 
104 88lbtf t3 
64 93 lbf-H3 
107 97 IbtftS 
65 05 Ibf ft3 
Description 
Orientation within Sample 
Area 
Initial Water Content* 
Degree of Saturation 
Initial Voids Ratio 
Final Water Content 
Dry Mass 
4 83174 in2 
61 2 % 
{trirnminqs 48 4 %) 
64 06 % 
158 122 
65 99% 
0 0735 lb 
Submerged 
° C*ikliktted fr^m initidl dsixl Jn. ^s-i^hts i.A •** hole ^vLimus 
Deformation vs Square Root Time 
Tinrce Square Root Msns 
0 5 1 1,6 2 2.5 3 3.5 4 
•0.0002 
& 
0.00 02 
0 0004 
0 0006 
OO0O8 
0.0 Ql 
0.O012 
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Shear Strength fey Direct Shear 
(Small Shear Box) 
Client 
Project 
Borehole 
Research Lab Rt4 
Job 
Sample 
CI 8 
S A I D 
Shear Stress Vs Displacement 
S 
b-~ 
^ 
®*k 
,mt * W * N * *
 k 
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i 
F 
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Relative Lateral Displacemait °« 
Change in Specimen Thickness Vs Displacement 
Relative Lateral Displacement % 
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Shear Strength by Direct Shear 
(Small Shear Box) 
Client 
Project 
Borehole 
Re-seat ch l a b Kt'f 
Jf»b 
sampte 
€18 
S A I D 
Cond i t i ons at Failure 
Normal Stress 
Peak Strength 
Horszorita Deformation 
Residual Stress 
Vertical Deformstion 
S 4? p«5l 
5 06 psi 
0 0206 m 
0 00 pei 
0 0008 in 
Te'tei B> 
snri Dm* 
Checked B> 
and D ite 
Apprmed B> 
and Diie 
f i h !r#n)Ji i r j P a c : 1 iM i 
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Shear Strength by Direct Shear 
(Small Shear Sox) 
Client 
Project 
Borehole 
Research Lab Ref 
Jut* 
Sample 
CIS 
SA4 0CR 
Test Details 
Standa rd 
Sample Type 
Lab. Temperature 
Sample Description 
Var iat ion 's f r o m 
procedure 
A S T M D3080-03 ' A A S H T O 
T236-9S 
Thin walled push in sample 
70 0 deg F 
Part ic le Spec i f i c 
G rav i t y 
Single or Multi 
Staqa 
Location 
165 43 
Multi Stage 4 
SJaqes 
Residual priorto 90 day 
Nonp 
Specimen Details 
Specimen Reference 
Depth w i t h i n S a m p l e 
I r i t ra l He igh t 
S t ruc tu re P r e p a r a t i o n 
In i t ia l V/pt Uni t W e i g h t 
Initial Dry Unit Weiqht 
Final Wet Unit Weight 
Final Dry Unit Weight 
Tested Dry or Submerged 
Comments 
A 
0 DOOOlll 
0 4250 n 
108 1 7 M ' f t 3 
74 92 lb ; f t3 
V 4 2 9 b f f t 3 
75 63 Ib'/ft3 
D e s c r i p t i o n 
O r i e n t a t i o n w i t h i n S a m p l e 
/ S f e a 
In i t ia l Wate r Con ten t * 
D e g r w of Sa tu ra t i on 
Initial Voids Ratio 
Final Water Content 
Dry Mass 
4 8317<i in2 
44 4 * , 
(tr immings 4 1 . 2 % ) 
53 6 3 % 
138 899 
51 1 2 % 
0 0890 b 
Submerged 
Ci lcu idted from i t uUJ l ^nd i i r j v t i s h l s u l * h » L ' ••pei i imn 
Delormation vs Square Root Time 
Time Square Root Mins 
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Shear Strength by Direct Shear 
(Small Shear Box) 
Client 
Project 
Borehole 
Research L»t» Ref 
Job 
Sliilipte 
CIS 
SA4 0CR 
Cond i t i ons at Fai lure 
Normal Stress 
Peak Strenqth 
Horizontal Deformation 
Residual Stress 
Vertical Deformation 
6.44 psi 
4 20 psi 
0 0510 m 
3 15 psi 
0 0030 in 
iesteci Bv 
Checked By 
Approved B\ 
and IXre 
I I f ihl "Skill <T&\ VdSjt 1 ut 3 
Shear Strength by Direct Shear 
(Small Shear Box) 
i , 8 
Client 
Preset 
Borehole 
Research Lab Ref 
Jtrf* 
Sample 
CIS 
SA4 OCR 
Test Detai ls 
Standard 
Sample Type 
Lab. Temperature 
Sample Description 
Variations from 
procedure 
ASTM D3080-03 / AASHTO 
T238-92 
Thin walled push in sample 
70 0 deg F 
Particle Specific 
Gravity 
Single or Muiti 
Stage 
Location 
185.43 
Single Stage 
90 day shear Specimon Numbet B 
None 
Spec imen Detai ls 
Specimen Reference 
Depth within Sample 
Initial Heiqht 
Structure Preparation 
Initial Wet Unit Weiqht 
Initial Dry Unit Weight 
Final Wet Unit Weight 
Final Dry Unit Weight 
Tested Dry or Submerged 
Comments 
B 
O.OOOOin 
0 4250 in 
108 17 Jbf ft3 
74 92 Ibf.'ftS 
113 29ib i f t3 
74 96 IbtftS 
Description 
Orientation within Sample 
Area 
Initial Water Content* 
Degree of Saturation 
Initial Voids Ratio 
Final Water Content 
Dry Mass 
4 83174m2 
44 4 % 
(tnmminqs: 41.2%) 
53.63 % 
136 899 
51.12% 
0 0890 lb 
Submerged 
* C**L laLik-d lf\mi amUai ami dry v%cis;hi> of w hnL* -,JXM lnicrc 
Defor roa t ion vs Square Root T ime 
Time Square Root Mins 
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Shear Strength by Direct St 
(Small Shear Box) 
Client 
Project 
Bftrehok 
Research Lab Ref 
Job 
Sample 
CIS 
SA4 0CR 
Srwar Strass Vs Dbspiacemont 
w 
e 
0 - -» «.. 
r* 
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t 
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Shear Strength toy Direct Shear 
(Small Shear Box| 
Client 
Project 
Borehole 
Research Lab Ref 
Job 
Sample 
CIS 
SA4DCR 
Conditions at Failure 
Normal Stress 
Peak Strenqth 
Horizontal Deformation 
Residual Stress* 
Vertical Deformation 
6 44 psi 
b '22 psi 
o uo/9 in 
0 00 pssi 
0 0021 in 
TcM^dB} 
and Date 
Checked B\ 
and Bate 
Apprmerl TH 
and Date 
Pace ^ oi ^ 
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Shear Strength b^ Direct Shear 
(Small Shear Box) 
Client 
Pi ujert 
Borehole 
Repeal Ui LsiljRt-r 
Job 
5<*mpkr 
CIS 
SA2B 
Test Detai ls 
Standard 
Sampte Type 
Lab. Temperature 
Sampte Description 
Variations f rom 
procedure 
ASTM D3O8O-03 AASHTO 
T23G-92 
Thin walled push in sampte 
70 0 deg F 
Particb Specific 
Gravrtv 
Single or Multi 
Staqe 
Location 
165 43 
Multi Stage 7 
Slaqes 
1 Day residual shaar 
None 
S p e c i m e n Detai ls 
S p e c i m e n R e f e r e n c p 
Depth within Sample 
Initial Height 
Structure Preparation 
Initial Wet Unit Weight 
Initial Dry Unit Weiqht 
Final Wet Unit Weight 
Final Dry Unit Weight 
Tested Dry or Submerged 
Comments 
A 
0 OOOOin 
0 4130 in 
113 48IMH3 
71 90 IW ft3 
113 02lbff t3 
74 15lfeM3 
Description 
Orientation within Sample 
Area 
Initial Water Content* 
Decree of Saturation 
Initial Voids Ratio 
Final Water Content 
Dry Mass 
4 83174in2 
57 8 °'» 
(trimmings 41 9 %) 
67 05 % 
142 692 
52 4 1 % 
0 0830 1b 
Submerged 
* Cakukted tf^ni jmisul yiid dr\ ^Cl^bt- M v\ hok ^ t i ^ k i i 
Defotmation vsSttuaie Ruut Thia 
lime square Hoot Mins 
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r t i j t ' t r its i i P H V 1 nt -. 
Shear Stmngth by Direct Shear 
(Small Shear Box) 
Client 
Project 
Boteliole 
Research L«lb Rtt 
J«* 
s<mipte 
CIS 
SA2B 
Stwdf Stre&b Vs. DfepfaceiTient 
30 <I0 SO SO 70 
Relative Laleral Displacement % 
Change* in Sppc imen T h i c k w ^ ^ V s D)^piae<*mf»m 
R,*K oJ iion/tnil ii !)ispiaitimni St ^ 1 ii 020000m inm S L 5 2 0 OZOOdOmmm M,w 1 
u O X W m . mm M i ^ e - i)f<2iHKM iivmin St<;v*i iiOJiWOin'm n 
*>l _v t 0 02<HX1I)III un 1 Suvi. "• 0O2fHX»>pjtiinii 
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Shear Strength-by Direct Shear 
|Sma)I Shear Box) 
Client 
Pr»j«*t 
Borehole 
Research La!> Ref 
job 
Sample 
CIS 
SA2B 
Conditions at Failure 
Normal Stress 
Peak Strenqth 
Horizontal Deformation 
Residual Stress 
Vertical Deformation 
6.44 psi 
6 89 psi 
0 0222 in 
3.15 psi 
0,0337 ID 
Tested Bj 
«ind Date 
Checked By 
and Date-
approved By 
and Pate 
I I I 3raL>ITJUvin.il PJK- ? ot 3 
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Shear Strength by Direct Shear 
(Small Shear Sox) 
Client 
Pntject 
Borehole 
Rei»earch Lab Ret 
J ib 
Sampte 
CIS 
&A2B 
Test Detai ls 
Standard 
Sample Type 
Lab Temperature 
Sample Description 
Variations f rom 
procedure 
A S T M D3380 03 / AASHTO 
T233 9 2 
Thir walled push in sample 
70 C deg F 
1 clay she v 
Particfe Specific 
Grav i t y 
Smgie or Multi 
Stage 
Location 
165 43 
Single Stage 
None 
Spec imen Detai ls 
S p e c i m e n R e f e r e n c e 
Depth withm Sample 
initial Height 
Su in ju re Piepaiat i tn 
Initial Wet Unit Weight 
initial Dry Jnit Weiqht 
Final Wet Unit V/eight 
Fina l Dry Uni t We igh t 
Tes ted Dr^ o r S j b m e r c j e d 
C o m m e n t s 
0 OOOOin 
0 4 ' J O in 
111 69 lb. ft3 
70 77 Ibf 13 
110 00 Jb. ft3 
72 7 Ibf 15 
Dssciipuon 
Orientation within Sample 
A'ea 
i n i t i a l Water Con ten t * 
Daqree of Saturation 
Initial Voids Ratio 
Final Water Content 
Dry Mas.* 
4 aoaoc im 
57 8 "o 
. tnmrnngs 41 9 c%) 
55 99 % 
144 990 
52 41«o 
J 0830 lb 
Subnergsd 
* fa i t uldk d f om mi uil anJ dr\ u i th!>t ! v. htok sjvJUKr 
Ceformation vs Square Root Time 
0 0021 
O.0G31 
a OOOS1 
F 
0 0071 
0 0081 
Time Square Boot Mins 
2 3 4 
S I I k " S I ( l l ! t l Pwe 1 ot 1 
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Shear Strength by Direct Shear 
{Small Shear BOM) 
Client 
Piujcil 
Borehole 
Repeal <Ji hub Ref 
Job 
Sample 
C13 
SA2B 
snear stress vs Displacement 
!f~ 
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a52 < 
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Shear Strength by Direct Shear 
{Small Shear Box) 
Client 
FrojtKrt 
Borehole 
Research Lab Kef 
Jon 
Sample 
CIS 
aS^Tsji. *5 
Conditions at Failure 
Normal Stress 6 34 psi 
Peak Strength 
Horizontal Deformation 
R»<srr!ual Stress 
Vertical Deformation 
d i o psi 
0 0232 in 
0 00 psi 
0 0096 in 
T M ' J B i 
jnd Date 
Checked Bv 
j il J Date 
Approved B \ 
and Ddte 
I I ! b - t . — t t a l I PaJN 
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Shear StjrengthJby Direct Shear 
(Sfnall Shear Box) 
Client 
Project 
Borehole 
Research L,tl) Ref 
J«b 
Sampk1 
*^*> £ O 
SA2B 
Test Detai ls 
Standard 
Sampte Type 
Lab. Temperature 
Sample Description 
Variations front 
procedure 
ASTM D3080-03 , M S H T O 
T236-92 
T im walled push in sampte 
70 0 deg F 
Residual pior to 7 day shear 
Particle Specific 
Gravity 
Sincle or Multi 
Stace 
Location 
165 43 
Multi Stage • 6 
Staqes 
None 
S p e c i m e n Detai ls 
S p e c i m e n R e f e r e n c e 
Depth within Sample 
Initial Height 
Structure < Preparation 
init ial Wet Unit Weight 
Initial Diy Unit Weight 
Final Wet Unit Weight 
Final Dry Unit Weight 
Tested Dry or Submerged 
Comments 
c 
0 OOOOin 
0 4130 m 
111 83 Ibt'ft3 
70 7 7 Ibf ft3 
110 42!btft3 
72 45 Ibf ftO 
Description 
Orientation within Sample 
Area 
Initial Water Content ' 
Degree of Saturation 
Initial Voids Ratio 
Final Water Content 
Dry Mass 
4 90900 in2 
57 8 % 
Urimmings 41.9 u y 
65.93 % 
144 990 
52 4 1 % 
0.00 30 lb 
Subm^g&d 
* Cakda ted from msisa] .md dr* Aemhis. ^f %hok' »^*.cim-rs 
Deformation vs Square RpptTiroe 
Time Square Root Mins 
15 20 25 35 40 
a 0042 
0 0052 
0.3062 
a 3072 
c 
o 0.3082 
S 0 3092 
S D 3102 
03112 
0,5122 
0 3132 
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Shear Strength by Direct Shear 
(Small Shear Box) 
Client 
Project 
Borehole 
Research Lab Ref 
Job 
Sample 
CIS 
SA2B 
Shear Stress V s Displacement 
30 40 so eo 
Relative Latetal Displacement * 
100 
Change in Speciman Thickness V<? Di^Ebcempnt 
Relative Lateral Displacement <>» 
0 10 
C 
0 
C 
*<* 
2 0 3 0 4 0 & 0 6 0 7 0 8 0 9 0 1C 
Kate of Heii/nnt.i H^phiunvnl Slaje I OtOOOdOin'min State Z QsKOf-OUnvmsn Stage? 
U02(XXXWmin Stige 4 0 020M)inmin Suge^ 0 020000uvmiri 
Suae e> (MiKHnKtm nun 
I I f !nl»r i ifi >r U P )C^ ~* tit 
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Shear Strength by Direct Shear 
(Small Shear Box) 
Client 
Project 
Borehole 
Research Lab Ref 
Job 
Sample 
CI 8 
SA2B 
Conditions at Failure 
Normal Stress 
Peak Strength 
Horizontal Deformation 
Residual Stress 
Vertical Deformation 
6 34 psi 
3 87 psi 
0 0199 in 
2 07 psi 
0 0036 in 
Tested B> 
and Date 
Checked B\ 
and Date 
Approved R> 
and Date 
I I I i-Lrriliimi Paae 1 ol ^ 
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Shear Strength by Direet Shear 
(Small Shear Box) !4 
Client 
Project 
B) re bote 
Research Lab Ref 
Job 
Sampte 
CIS 
SA2B 
Test Detai ls 
Standard 
Sample Type 
Lab Temperature 
Sample Det>Lript!on 
Variations, from 
procadurs 
ASTM D3080 03 AASHTO 
T236-92 
Thin walled push in sample 
70 0 de j F 
Particfe Specific 
Gravity 
Single or Multi 
Stage 
Location 
165 43 
Multi Stage 
Stages 
5 
7 ddsy Jiea> 
None 
Spec imen De*ai1s 
S p e c i m e n R e f e r e n c e 
Dopth within Sample 
Initial Hptght 
Struct i re Preparatior 
Initial Wet Unit Weight 
Initial Dry Unit Weight 
Final Wat Unit Weiflht 
Final Dry Untt Weight 
Tested Dry or Submerged 
Comments 
D 
0 OOOOin 
n 4 n n m 
113 48 lb ft3 
71 90 Ibf 13 
112 61 lb 1t3 
73 39 Ibf 13 
Sjbmerged 
Description 
Orientation wrthm Sample 
Area 
Initial Water Content' 
Degree of Saturation 
init ial Voids Ratio 
Final Water Content 
Dry Mass 
4 83174 m? 
57 8 % 
(trimmings 41 9%} 
67 05 % 
142 692 
52 4 1 % 
0 0830 lb 
C ikulawd !r <ro sriijal snj i r \ vi*.tLht «fv*hck p ^ 
Deformation vs Square Root TITOP 
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0012 
0 013 
0 014 
0 015 
0 016 
0 01? 
0 018 
0 019 
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Shear Strength by Direct Shear 
(Small Shear Box) 
Client 
Project 
Borehole 
Research Lab litf 
Job 
Sampte 
CIS 
S 4 2 B 
bftear stress vs Displacement 
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Shear Strength by Direct Shear 
(Small Shear Box) 
%c 
Client 
Pnyect 
Ifar*»h«]*» 
Research Lab lief 
J r* 
Sample 
CIS 
SA1K 
Conditions at Failure 
Normal Stress 
Peak Strength 
Horizontal Deformation 
R»sidual Stress 
Vortical Deformation 
e 44 psi 
2. S3 psi 
0 01 "4 in 
1 84 psi 
0 0021 m 
Te* t l By 
and Ddle 
Checked B\ 
and Ddle 
Appro cd B> 
•Mid Ddte 
I I i IrL- i ifuiidl PJLS? * o t "* 
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Shear Strength by Direct Shear 
(Small Shear Box) 
Client 
Project 
Ikirehofr 
Researct Lab Kef 
Job 
Sample 
£U 
SA2C 
Test Details 
Standard 
Sample Type 
Lab. Temperature 
Sampte Description 
Variations from 
procedure 
ASTM D3080-03 .'AASHTO 
T23b-tf2 
Thin walled piibh in bdtnpie 
70 0 deg F 
Particle Specific 
Gravity 
Singie or Prfluiti 
Location 
165.43 
Mulli Slage 6 
Stages 
Residual Sf eai for 14 day shear 
None 
Specimen Details 
Specimen Reference 
D*pth wi th in Sample 
Initial Height 
Structure Preparation 
Initial Wet Unit Weiqht 
Initial Dry Unit Weight 
Final Wet Unit Weight 
Final Dry Unit Weight 
Tested Dry or Submerged 
Comments 
A 
0.0000m 
0.4090 m 
108 901btft3 
72 60 Ibf'ft3 
113 53 ibf'fta 
74 49 lb f *3 
Description 
Orientation within Sampte 
Area 
init ial Water Content* 
Degree of Saturation 
Initial Voids Ratio 
Fina! Water Content 
Dry Mass 
4.33174 m2 
SO 0 '{, 
ftrimmings 41 9 %) 
53 54 % 
141 301 
52 4 1 % 
0 0830 lb 
Submerged 
"lakjlaledfrum imlidl JIMJ dn *ct2t&\ a' <*hoJe t p funen 
Defor mation vs Square Root Time 
C0O89 
£ C0119 
f £0129 
C0139 
C0149 
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I 
Time Squaie Root M n s 
s o 38 40 
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- J« " -•* » #-Mt 
I l l h^LtisMl iH3i PJEC J oi 1 
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Shear Strength by Direct Shear 
(Sma)J Shear Box) 
tf lent 
Project 
Boreholf 
Research Lab Ket 
Job 
Sample 
CIS 
SA2C 
Z79 
Shear Stress Vs Displacement 
Change in Specimen Thickness Vs Displacement 
Mil 
rL 
PH. 
\i *k B 
;' 
•' I i 
v i L 
1
 T f 
•* f •• 
i. [ y 
_ t_ . _ _ _ - r _ H 
1 1 1 1
— ' — » — » — ' — ' ' ' ' — t - i i - * - * — > — < — • — i i i i 10 2C 30 -10 SO 60 70 80 SO 100 
Relative Lateral Disp la^e jnenl ^o 
-0OOO3 
Relative Literal Displacement % 
30 40 SO 60 70 100 
k,*it ol Hniiritntjl iSivpLutmtnt Stjo- I 0 02001 Oin. mm Suae 2 n 02««0m mm Suy? 1 
U (J 2 njouiwniin MJ«V 4 injjooniamin MI:V ' *i uU-iTOtjOin mm 
Si ig h 0 02fW>m/u1m 
11 r-1 i t r a n t ' c 2 u l 1 
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Shear Strength by Direct Shear 
fSmall Shear Bbx) %* ,( 
Client 
Project 
Borehole 
Research Lab lef 
J«b 
Sample 
vm 
SA2C 
Conditions at Failure 
Normal Stress 
Peak Strength 
Horizontal Deformation 
Residual Stress 
Vertical Deformation 
6 44 psi 
5 24 psi 
0 0074 lit 
2 88 psi 
0 0085 in 
T c t c i i B> 
and Da c 
Che O r d B> 
-in.) I>,iv 
\pp roved By 
,md T) i f 
i I) in;**! 4i^ i\ 'JLK.' ^ ot 1 
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Shear Strength by Direct Shear 
{Small Shear Box) 
Client 
Prejwt 
Borehole 
Research Lab Ref 
Jwli 
Sample 
CIS 
SA2 C 
Standard 
Sampte Type 
Lab Temperature 
Sample Description 
Variations from 
procedure 
Test Details 
ASTM D3380-Q3 ' MiSHTO 
T236-92 
Thin wailed push in sample 
70 0 rieg F 
Particle Spscific 
Gravity 
Single or Muiti 
Stage 
I ncation 
165.43 
Single Stage 
14 day shear 
None 
Spec imen Deta i ls 
Specimen Reference 
Depth within Sample 
init ial Height 
Structure •' Preparation 
Initial Wet Unit Weight 
Initial Dry Unit Weight 
Final Wet Unit Weight 
Final Dry Unit Weight 
Tested Dry or Submerged 
Comments 
B 
0 OOOOin 
0 4090 in 
108 90 Ibfrfto 
72 60 Ibift3 
t l ? ? 7 lot ft? 
73 08 Ibf.ft3 
Description 
Orientation wi th in Sample 
Area 
Initial Water Content* 
Degree of Saturation 
Initial Voids Ratio 
Final Water Content 
Dry Mass 
4.33174 jn2 
50 0 % 
{trimmings'41.3%) 
58.54 % 
141 301 
53 £ 1 % 
0 0830 b 
Submerged 
alcuLited 1rora initial ami .lr<. u c i a h >  <-4 w hol<? 
. p e -
as 
Deformation vs Square Root Time 
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Shears-Strength by Direct Shear 
(Bmkl Shear Box) 
Client 
Ptojtwt 
Borehole 
Research Lab Ref 
j«t> cm 
Sample SAl C 
Cond i t i ons at Fai lure 
H o m a l Stress 
Peak Strength 
Horizontal Deformation 
Residual Stress 
Vertical Deformation 
6 44 psi 
4 06 psi 
U 0057 111 
0 00 psi 
0 0060 in 
Liid Date 
Checked ~l\ 
JI<3 D Me 
Approves: B\ 
1 lit 1 
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Shear Strength by Direct Shear 
(Small Shear Box) It 
Client 
Project 
Bortfftok* 
Research Ldb Ref 
Job 
Sample 
CIS 
SA2D 
Test Details 
S t a n d a r d 
S a m p l e T y p e 
Lab . T e m p e r a t t r e 
Sampte D e s c r i p t i o n 
Variations from 
procedure 
ASTM D303D 03 i A A S H T O 
T23S-Q2 
Thin wa l led push in sample 
70 0 dog F 
Par t ic le Spec i f i c 
G rav i t y 
S ing le o r Mufts 
Stacjo 
L o c a t i o n 
1^5 43 
Multi Stage 4 
Stages 
30 ddy lebidudl fabedi 
None 
Specimen Details 
Specimen Refetence 
Depth within Sample 
In i t ia l He igh t 
S t r u c t u r e P r e p a r a t i o n 
in i t i a l Wet Un i t W e i q h t 
i n i t i a l Dry Un i t We iqh t 
F ina l Wot Uni t W e i g h t 
F ina l Dry Un i t W e i g h t 
T e s t e d D ry o r S u b m e r g e d 
C o m m e n t s 
A 
0 OOOOin 
0 41J0 in 
105 07 Ib i f t 3 
66 4S ibf ft3 
1 0 6 6 1 i b l f t 3 
S5 51 Ibf ft3 
D e s c r i p t i o n 
Orientation within Sample 
Area 
in i t ia l W a t e r Con ten t * 
Degree o f S a t u r a t i o n 
In i t ia l V o i d s Rat io 
F ina l W a t e r C o n t e n t 
D r y M a s s 
4 53174 in? 
58 2 °'~ 
( t r immings 53 4 %) 
62 28 % 
154 524 
62 7 5 % 
0 37G5 lb 
Submerged 
* i <ak.L.li3.U.d fitv ni Eiitij \l «*mi drs wt i t -h l^ fvth k *j4.v 
Deformation vs Square Root Time 
Time square Root Mins 
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Shear Strength by Direct Shear 
{Small Shear Box) 
Client 
Projpri 
B-orebr«li» 
Research Lab Ref 
J«b 
Sample 
CIS 
*5A?l> 
5> 
Shear Stress Vs Displacement 
: & 3 = 
_ '
 M
' * . _ i IL. 
LL_. J II 1 
.. Ik 
• • 
* * 
*• 
m 
O 1ft 70 10 40 SO fil 7 0 SO «H) 100 
Relative Lateral Displacement % 
Chance in Specimen Thickness Vs Displacement 
-0 0018 
•f. 0 0008 
ex -0 0003 
Relative Lateral Displacement»» 
20 30 40 50 30 70 80 90 100 
12 
PTfT 
Rit l i t»t l l i i i i / o i iUI !>isjiiatini« ill S U i i 1 »020<»O0tii nun *M,j_>t 2 II 0 2 W »)in'iuiii Sut,^ "» 
OtLWfXHnamtn S t i e< ; i (XQiXMium'mii 
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Shear Strength by Direct Shear 
(Small Shear Box) 
C lent 
Project 
Borehole 
Research Lab Ref 
J*» 
Sample 
CIS 
SA2D 
Conditions a: Failure 
Normal St iess 
Peak Strenqth 
Horizontal Deformation 
Residua! Stress 
Vertical Deformation 
6 44 psi 
5 24 psi 
0 0120 in 
2 88 psi 
-0 0019(0 
Teseci B\ 
and Date 
Checked IJ> 
and D Ue 
A,ppro\t^d H% 
and Dale 
l *"n Ui ; ^ Piise » of 1 
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Shear Strength by Direet Shear 
{Small Shear Box) 
Client 
Project 
Borehole 
Research Lab Ref 
j o b 
Sample 
CIS 
SA2D 
Test Details 
Standatd 
Sample T y p e 
Lab. Temperature 
Sampte Description 
Variat ions from 
p r o c e d u r e 
A S T M D30S0-03 A A S H T O 
T23G-92 
Thin wa i ted push in sample 
70 0 deg F 
Panicle Spscific 
Gravity 
Single or Mult i 
Stage 
Location 
165 43 
Single? Stage 
30 day shear 
None 
Specimen Details 
Specimen Reference 
Depth within Sample 
Initial Height 
Structure Preparation 
Initial Wet Unit W e i y h i 
Initio! Dry Unit Weight 
Final Wat Unit Weight 
Fina l Dry Unit We igh t 
Tested Dry or Submerged 
Comments 
B 
O.OOOOin 
0 4120 m 
100 07 Ibf Its 
66 43 Ibf ft3 
109 50 Ibfyft3 
67 29 Ibf ft3 
Description 
Orientation whhin Sample 
Area 
Initial Water Content* 
Duij iee ot Salutat ion 
Initial Voids Ratio 
Final Water Content 
Dry Ma*!1? 
4 83174 in2 
58 2 % 
Itnrtniings. 53 4%) 
52 28 % 
1 54 524 
62 7 5 % 
0 0765 lb 
Submi t t ed 
- d i k j i t i n d tri>m initial ant! JT, isetebt- if v. hok ^peunx. n 
Deformation vs Square Root Time 
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Shear Strength by Direct Shear 
(Small Shear Box) 
Client 
Project 
Borehole 
Research Lab Rrf* 
Job 
Sample 
O S 
SA2D 
Cond i t i ons at Fai lure 
Normal Stress 
Peak Strength 
Horizontal Deformation 
Residual Stress 
Vertical Deformation 
8 -12 pet 
4 m p«;i 
3 0085 n 
3 00 psi 
3 0055 n 
Tested B> 
and Date 
Checked t h 
and Dale 
Approved Bv 
M&J 1) its* 
! I I f l L r i i l l ] ' t l P j ! K Ot i 
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S'hear Strength* by Direct Shear 
* (Small Shear Box) 
Clteitf 
Project 
l o r e hole 
Research Lat* I d " 
Job 
Sample 
CIS 
SASOCR 
Test Details 
Standard 
Sample Type 
Lab. Temperature 
Sample Description 
Variations from 
procedure 
ASTM D3080-03 / AASHTO 
T236-92 
Thin walled push in sampie 
70.0 deg.F 
Particle Specific 
Gravity 
Single or Multi 
Stage 
Location 
165.43 
Multi Stage : 4 
Stages 
Residual prior to 90 day shear 
None 
Specimen Details 
Specimen Reference 
Depth wi th in Sample 
initial Height 
Structure i Preparation 
Initial Wet Unit Weight 
Initial Dry Unit Weight 
Final Wet Unit Weight 
Finai Dry Unit Weight 
Tested Dry or Submerged 
Comments 
A 
0.0000m 
0 4100 in 
114.31 tbf'ft3 
77 68 lbf/f!3 
116 31 !bfft3 
77 65 lbf/ft3 
Description 
Orientation wi th in Sampte 
Area 
Initial Water Content* 
Degree of Saturation 
Initial Voids Ratio 
Finai Water Content 
Dry Mass 
4.83174 in2 
47.2 % 
(.trimmings 41.2 %} 
53.13% 
132 032 
50.56% 
0.0890 lb 
Submerged 
" Cikukik d from amtiiij *md drv weights ol \\ hnl 
€ spLcm 
Deformation vs Square Root Time 
Time Square Hool Mins 
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Shear Strength by Direct Shear 
(Small Shear Box) 
sriear Stress vs Displacement 
Q 10 20 30 40 SO SO 
Relative Lateral Displacement' 
aooos 
0 001 
0 002 
0.DO25 •*• 
I 
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ClUriil 
PiojvU 
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ReittMl dl L,tb Ref 
Jwb 
Sample 
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SA5 OCR 
4 74 
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Shear Strength by Direct Shear 
(Small Shear Box) 
t l ipnt 
Prejwt 
Borehok* 
Research l a h l l r f 
| o b 
Sample 
C I 8 
SA5 OCR 
ContJit ionb d l Fdi lute 
Nui mal Sl iess 
Peak Strength 
Horizontal Defoi inal ioi i 
Residual Stress 
Vertical Deforma'ion 
6 «-4 psi 
4 98 psi 
0 0448 in 
3 nB psi 
0 11013 in 
and D re 
Checked Bv 
md Vnte 
Approved B\ 
and IJjte 
I I I li m t t i HaK i rt i 
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Shear Strength by Direct Shear 
(Small Shear Box) '•¥•'' 
client 
Project 
Borehole 
Re&eareit Ute Kf f 
,1*1) 
sample 
CIS 
SA5 0CR. 
Test Details 
S t a n d a r d 
S a m p l e T y p e 
L a b T e m p e r a t u r e 
S a m p l e D e s c r i p t i o n 
V a r i a t i o n s f r o m 
p r o c e d u r e 
A S T M DdOW Ud t A A S H T O 
T238 9 2 
T i m wai led push in sample 
70 0 ripg F 
Particle Specific 
G r a v i t y 
S inc le o r Mu i t i 
S tace 
L o c a t i o n 
1 f c 5 4 j 
S n g l e Stage 
90 day ehcar spoc imcn no B 
None 
Specimen Details. 
Specimen Reference 
Depth within Sample 
Initial Height 
Structure Preparation 
In i t ia l We t Uni t W e i q h t 
In i t ia l Dry Uni t W e i q h t 
F ina l Wet Uni t W e i g h t 
F ina l Dry Uni t W e i g h t 
T e s t e d D ry o r Suhmorc jed 
Comments 
B 
0 OOOOin 
0 4100 in 
114 3 ! I b f f l 3 
77 CG Ibf ft3 
119 06 i b i f ! 3 
79 08 ibf ' f t3 
Desc i i p u o n 
O r i e n t a t i o n w i t h i n S a m p l e 
A rea 
In i t ia l W a t e r C o n t e n t ' 
Degree o f S a t u r a t i o n 
In i t ia l V o i d s Rat io 
F ina l W a t e r Con ten t 
D ry M a s s 
4 8 3 1 7 4 i n 2 
47 2 % 
(irimminqs 41 *»%) 
59 13 •» 
132 0 3 2 
50 5 6 % 
0 0890 lb 
Subn»»rged 
* Cakiildttd fn>mimual ajufdrs witsht* s»f wliok STICIIRII 
o 
0
 * 
Deformation v«5 Squaw Root Time 
Time Square Hoot Mins 
e 
-S3 
€3 
I 
r o m 
C O M 
COOS 
0 006 
C007 
Pa..e 1 oi l 
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Shear Strength by Direct Shear 
(Small Shear Box) 
Client 
Project 
Borehole 
Research Lab Ref 
Jnb 
Sampte 
CIS 
SASOCR 
Shear stress vs Displacement 
_ 
i l 4 . 
8J 
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f * * ] ^  i •f* 4 -1 * "# 4 • *-H 
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I 0 0001 
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aooozs 
SO 100 
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l i « I 
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N 
Rati »f H»fi/i>nl.il Jti^ptounK'nl Stage I 0 0t0260in/min 
Paee 2 at T 
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Shear Strength by Direct Shear 
(Small Shear Box) r l 
Client 
Project 
Borehole 
Research I ab Ref 
Job 
Sample 
CIS 
SASOCE 
Conditions at Failure 
Normal Stress 
Peak Strength 
Horizontal Deformation 
Residual Stress 
Vertical Deformation 
6 44 psi 
6 51 psi 
0 0032 in 
u oo pst 
0 0103 in 
tested U\ 
and D itc 
Check-d B\ 
aod Date 
\ p p r L \ e d Bv 
Mid D ite 
Paw ^ ol 1 
178 
Shear Strength by Direct Shear 
(Small Shear Sox) 
Client 
J*itjj«.i 
Borehole 
tCicmch. Lab Ref 
Job 
MlHiplt* 
C I S 
S A 3 B 
Standard 
Sample Type 
Lab. Temperature 
Sample Description 
Vaiktions fiom 
procedure 
Test Details 
AS~M D3O8O-03 / AASHT3 
T236-92 
Thin walled push in sample 
70 0 deq F 
Particle Specific 
Gravity 
Single or Mult 
Stage 
Location 
165 43 
Multi Staqe 8 
Staqes 
1 Day Residua 
None 
Specimen Details 
S p e c i m e n Reference 
Depth within Sample 
Initial Height 
Structure Preparation 
Initial Wet Unit Weight 
initial Dry Unit Weight 
Final Wet Unit Weight 
Final Dry Unit Weigh* 
Tested Dry or Submerged 
Comments 
A 
D ooooin 
0 4130 in 
10/ 4J IbfftJ 
57 55 Ibf It3 
79 1Qlb!tt3 
52 87IMW3 
Description 
Orientation within Sample 
Area 
Initial Water Gon'ent* 
Degree of Saturation 
Initial Voids Ratio 
Final Water Content 
Dry Mass 
4 90TO0 sn2 
8b / % 
(trimmings 42 5 %} 
80 il "te 
178 514 
49 63% 
0 0675 lb 
Submerged 
* C alvislati."il from miital ATIA dn ^cisht^ ol v, bnc ^px ni,.n 
Deformat ion v s Square Roo» Time 
ft 0374 
0.0394 
c ao4i« 
c 
o 
o 
0,0454 
0.047S 
Time Square Rom Mins 
4 6 8 10 12 
r 
i 
<f— • 
p 
^>* 
+r~-^"*~'~~ 
^-4>—~*- _ —^ • 
Pace 1 r>f 
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Shear Strenf th by Direct Shear 
(Small Shear Box) 
Client 
Prcijert 
Ifareliole-
research Lab Kef 
Job 
Sample 
C I S 
SA3B 
{ "WSffp^ 
Shear Stress Vs Displacement 
55 
10 20 30 49 50 60 TO 
Relative Lateral Displacement % 
100 
Change in Spaeiroen Thickness Vs Displacement 
0 
. 
i 
i 
• 
4 t H 4 
10 
f W • ft * 
20 
P • 1 
3 0 
?* lair. 
4 
e Lateral 
0 5 
D 
0 
splaci 
6 
Tenty 
0 7 0 S 0 9 3 10 
Rait- of H I I I I / M O I J I I>i«.p ac i rm i i t SU.v I i!02t«VMliivmi! Staw 2 (H 20000 o'min Stasc ^ 
on'nOOOti 'min Stace 4 QO20OOOinmin Scajv- ^ 0 02O lOfhndn.n 
Sta>e6 0020CHiOirVtnn S L K - 7 0 CCXflOn/mm StawS 
(J020lX.Hiii'min 
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Shear Strength by Direct Sh«iar 
(Small Shear Box) 
Client 
PrejMH 
Boroinle 
te search Lab IM 
Job 
Ssmpk 
C18 
SA3B 
Conditions at Failure 
Normal Stress 
Peak Strength 
Hon?onts} Deformation 
Residua! Stress 
Vertical Deformation 
6 34 psi 
fi 90 p«si 
n o 3 n t l 
3 10 psi 
0 0349 n 
re* u»<f liv 
and Da*c 
snd Di:e 
Apprmed PA 
and I Jiitc 
I'UfiC ^ ot 1 
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Shear Strength by Direct Shear 
(Small Shear Box) 
Client 
Project 
Borehole 
research Lab Rtf 
Job 
Sample 
O S 
SAJB 
Test Detai ls 
Standard 
Sampte Type 
L a b . T e m p e r a t u r e 
S a m p l e D e s c r i p t i o n 
V a i i a l k m s f i o m 
p r o c e d u r e 
ASTM D3080-G3 i AASHTO 
T236-92 
1 hin walled push in sampte 
70 0 dog F 
Particle Specific 
Gravity 
Single or Multi 
Stage 
L o c a t i o n 
185 43 
Single Stage 
1 day shear 
None 
S p e c i m e n Deta i ls 
S p e c i m e n R e f e r e n c e 
Depth wi th in Sample 
In i t ia l H e i g h t 
B 
0 0000 in 
0 4130 in 
S t r u c t u r e ' P r e p a r a t i o n 
Initial Wet Unit Weiqht 
Initial Dry Unit Weight 
Final Wet Unit Weight 
Final Dry Unit Weight 
T e s t e d D i y or S u b n i e i e j e d 
109 15lblTt3 
58 47 ibf 113 
90 16lbWl3 
faO 25 Ibf'113 
Submerged 
D e s c r i p t i o n 
Orientation within Sample 
A r e a 
In i t i a l W a t e r Con ten t * 
Deqree of Saturation 
Initial Voids Ratio 
Final Water Content 
Dry Mass 
4 8 3 1 7 4 l l i2 
86 7 % 
( tnmminqs 4? 5 %') 
81 61 % 
175 688 
49 63° c 
0 0675 lb 
C o m m e n t s 
* CakuUtcd from mslkd <iml dn, «U£ht<> ui * bnk >[XK.im<.n 
Deformation vs Square Root Time 
o 
a0002 f 
0.0022 
0 0042 
c 
J> aoosE 
E 
£ 0.0082 
G.0102 
t 5 9 9 % 3 
". 
\ 
\ 
i 
\ 
\ 
\ 
H •**++-^ >-+-4~-4- 4 » < • • - " 4-—4— 4 4 • 
Puae 1 i'i " 
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Shear Strength by Direct Shear 
(Small Shear Box) 
Client 
Project 
Borehole 
research Lab Ri*f 
Jnb 
Sample 
CIS 
SA3B 
Shear Stress Vs Displacement 
1 s 
I 
<r 
<. I I I I L X J — 
,mmm$** 
m 
r 
j 
0 10 20 30 40 50 60 70 
Relative Lateral Displacement % 
eo so 100 
Chance in Specimen Thickness Vs Displacement 
-0 0013 
-0 0011 
c -0 0009 
1 
£ -0 0007 
u 
c -0 0005 
g -0 0003 
O 
-0 0001 
0 0001 
• M i * * * * 
Relative Lateral Displacement "o 
10 20 30 40 50 60 70 80 90 100 
Ml* lmt 
if ,d-
fl»l 
p i 
R.\tv ol Hoii/»nUJ i>i'-pi.m>nit>nt Sngc I n01Q260iiyrmn 
Paao 2 oi 
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Shear Strength by Direct Shear*, 
(Small Shear Box) < 
Client 
Project 
Borehole 
research Lab Ret" 
Job 
Sample 
C I S 
SA3B 
Conditions at Failure 
Normal Stress 
Peak Strenqth 
Horizontal Deformation 
Residual Stress 
Vertical Deformation 
6 44 psi 
3 41 psi 
0 0401 in 
0 00 pst 
0 0128 in 
Tested B> 
ind Dak 
Clicked Bv 
and Date 
Appro\eJ Bv 
anJ Dale 
Pasu.v ^ o l 
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Shear Strength by Direet Sheaf 
(Small Shear Sox) 
Client research 
Prejtct 
Borehole 
Lab Ref 
Jcb 
Sample 
CIS 
SA3B 
Test Detai ls 
Standard 
Sample Type 
Lab. Temperature 
Sample Description 
Variations from 
pror*f in re 
ASTM D3080 03 , A4SHT3 
T236-92 
Thin walled ptsh in sample 
70 0 deg F 
Particle Specific 
Gravity 
Smqle or Multi 
Stage 
Location 
165 43 
Multi Staqe 5 
Stages 
7 Day Festduai 
Nan© 
Spec imen Detai ls 
S p e c i m e n R e f e r e n c e 
Depth within Sample 
Initial Height 
Structure Preparation 
Initial Wet Uret Weight 
Initial Dry Unit Weight 
Final Wet Unit Weiqht 
Final Dry Unit Weight 
Tested Dry or Submerged 
Comments 
c 
OQQGOin 
0 4130 in 
109 15 IbfrftS 
58 47 Ibt/It3 
9J ZH Ibf/ltd 
b2 34 Ibf ft5 
Description 
Orientation within Sample 
Area 
Initial Water Content* 
Degree of Saturation 
Initial Voids Ratio 
Final Water Content 
Dry Mass 
4 83174 in2 
86 7 % 
(trimmings 42 5 %) 
81 61 % 
175 688 
43 63*io 
0 0b75 lb 
SuLmiaiyed 
" C a k u l n k d t r ^ m soitatll jm4 dry **ct«hls <:*{ \\ ho *. -<f>s_^ irBt n 
Deformation vs Square Root Time 
Q.S3S3 
0 0383 
Time Square Root Mns 
i«; M 9% 
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——•——• „——«•- — 
""*" "* 
* * 1 
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1 
§ 
VjL-k-i 1 M 
Shear Strength by Direet Shear 
fSmaii Shear Box) 
^ U ^ P i ^ 
Client 
FiqjecC 
Borehek 
research Lab Ref 
Jub CIS 
Sample SA3 B 
Shear Stress Vs Displacement 
30 40 50 6C 70 
Rp la f tw I atprai Oi^piafpmertt % 
100 
Change in Specimen Thickness Vs Displacement 
Relative Lateral Displacement % 
o in x TO M> m so 7D 
TO 001 I 
oois 
<M ion 
R.Me »f Hmi/o-it il ]ii\pLM.eimnl Stav I no:iSOOOm/mm SMV 2 0 OIODOOin'rmn S U K 1 
2fW042lKK"HX)<Jii¥mn Sugc4 OO^W»in/min Ma«0 
2lKW2u<iOt>0Oinm>n 
2o1 ^ 
186 
Shear Strength by Direct Shear 
(Small Shear Box) 
Client 
Project 
Bore-bale 
Rsearrii ijab Rrf 
,I«b 
Sampte 
n s 
SAJB 
Conditions at Failure 
Normal Stress 
Peak Strength 
Horizontal Deformation 
Residual Stress 
Vertical Deformation 
6 44 psi 
5 85 psi 
0 0498 in 
3 11 psi 
0 0293 in 
Tested Bv 
anJ Dare 
Checked B\ 
and Date 
Approved IH 
and Due 
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Shear Strength by Direct Shear 
(Small Shear Box) 
Client 
Project 
Borehole 
research Lab Ref 
Job 
Sample 
CIS 
SA3B 
Test Details 
Sl-jiitJaid 
Sampte Type 
Lab. Temperature 
Sample Description 
Variations f rom 
procedure 
ASTM D3080 03 ' AASHTO 
T236 92 
Thin wail&d push in sample 
70 0 deg F 
Panicle Specific 
Gravity 
Single or Multi 
Stage 
Location 
165 43 
S.ngle Stage 
7d shear 
Mono 
Specimen Details 
Spec imen Roference 
Depth wi th in Sample 
Initial Height 
D 
o ooooin 
0 4130 in 
Structure ' Preparation 
Initial Wet UnitWeiaht 
Initial Dry Unit Weiqht 
Final Wet Unit Weight 
Final Dry Unit Weight 
Tested Dry or Submerged 
107 43 Ibf'ft3 
57 55 Ibf f!3 
86 38 ibf«3 
57 73 Ibf ft3 
Submerged 
Description 
Orientation within Sample 
Area 
Initial Water Content* 
Dearee of Saturation 
initial Voids Ratio 
Final Water Content 
Dry Mass 
4 9O9O0 in2 
(trimmings 42 5 °4} 
80 32 % 
178 514 
49 63°c 
0 0675 lb 
Comments 
C«i!*.uliH*.t3 fiutn IISIIM! anil div ntiiilfc K4' whuk ^p^m^is 
Deformation vs Square Root Time 
Time Square Soot (dins 
0 
-0 0001 * 
10 20 SO 6 0 70 
0 0004 
g 0 0009 
E 
i 
00014 
00019 
•' ' — 
1 
i 
\ 
**-* ~r" "**^ 
• y * ^
 r-y 
0° 
i 
i. 
P rnc 1 (It 1 
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Shear Strength by Direct Shear 
fSmali Shear Box) 
Slip 
Client 
Prwjwl 
Borehole 
research Lab Ret" 
Jtrti 
Sample 
C*t8 
SA3B 
Shear Stress V«; D Is placement 
9.....A 
f 
ft i 
* 1 S 
<yj ^ > 
0 ' W W I I - L - i t,„t„,l r f i 1 IMMIM.I 1,, , 1 , I , I , „ 
10 ao 30 10 SO 60 70 
Refanve Late al Displacement ** 
eo so 100 
Change in Specimen Thickness Vs Displacement 
-0.001 
. roooq 
-e. 
e 
§ "e 
8 c 
(— C 
c: 
c 
S3 ». 
CM) 08 
.0007 
:0006 
.0005 
0004 
O003 
•COO 02 
-COO 01 
0 
relative Lateral Disp lacements 
20 30 40 SO 60 70 80 90 100 
i 
..n 
yi 
l 
u. 
Kate oi Hoii/tintai i»ispl.i«'ment Stage i iMHlhlwl i r i 'min 
Pj»e 2 i 
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Shear Strength by Direct Shear 
(Small Shear Box) 
Client 
Project 
Borehole 
research Lab Rrf 
Job 
Sample 
CIS 
SA3B 
Cond i t ions at Fai lure 
Normal Stress 
Peak Strength 
Horizontal Deformaticn 
Residual Stress 
Vertical Deformation 
6 33 psi 
4 18p3l 
0 Q8CK in 
0 00 psi 
0 0007 in 
Tested Bv 
and 1 late 
Chr-ckcd Bv 
and I >atc 
Approved B\ 
and I' J<C 
I age n t 1 
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Shear Strength by Direct Shear 
(Small Shear Box) 
Client 
Project 
Borehole 
research Lab Erf 
Job 
Sample 
CIS 
SA3B 
Test Detai ls 
Standard 
Sample Type 
Lab. Temperature 
Sample Description 
Variations from 
procedure 
ASTM D3080 03 AASHTO 
T236 92 
Thm wa'led push in sample 
70 0 deg F 
Particle Specific 
Gravity 
Single or Multi 
Stage 
Location 
165 43 
Multi Stage 8 
Stages 
residual prior to 14 day shear 
None 
Spec imen Detai ls 
Specimen Reference 
Depth wi th in Sample 
Initial Height 
Structure Preparation 
initial Wet Unit Weight 
Initial Dry Unit Weight 
Final Wet Unit Weiqht 
Final Dry Unit Weight 
Tested Dry or Submerged 
Comments 
A 
0 OOQOin 
0 4020 in 
107 74 IbfftS 
69 84 Ibf ft3 
108 24lbff t3 
69 96 Ibf tt3 
Description 
Orientation within Sample 
Area 
Initial Wafer Content* 
Degree of Saturation 
Initial Voids Ratio 
Final Water Content 
Dry Mass 
4 90900 in2 
54 7 % 
^trimmings 40 9 %) 
61 43 % 
147 358 
54 72% 
0 0795 ib 
Submerged 
' f\ ikulated trv>m initial i n J dn Wi ts t * oi w hnle N{v<.uni.n 
Deformation vs Square Root Time 
Time Sgyare Root Mins 
20 30 40 so 70 
ft 0241 
tt 0242 
•= 0.0243 8 
ft 0244 
a 0245 I 
II 
( / 
t 
1 
J 
I 
1 
* » 4 
Pj-.f al ^ 
191 
Shear Strength by Direct Shear 
(Small Shear Box) 
C'liont 
Project 
Bore hok 
<re%RtiTcb I .rh Rrf 
Jih 
S «npk* 
cm 
SA3B 
Shear Stress Vs Displacement 
16 £0 30 40 30 00 70 00 SO 100 
Reial tve Lateral Displacement % 
Change in Specimen Thickness Vs Displacement 
Hetetrve Lateral Displacement % 
0002 
0 
c 0002 
i 
I 0004 
a 
j5 0006 
c 
Ss 0008 
e 
° 001 
0012 
0014 
0 
, f 
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1G 
• • i 
2 0 3 0 4 0 5 0 6 0 ? 0 e c 9 0 100 
S 
Stigv* I 0 02O00Oin/min St )rc 2 U'DWuVmin Sta^e i 
iiOlnoOOin'min Sug„ 4 0 O^Wtamirs Ss.oe *> OO'tXjiiOin'min 
Snje o 0 02niT>iiamin *^ iaec " fKCoorouimin Stajo s 
ni)H»>uirnmn 
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/Shear Strength by Direct Shear 
(Small Shear Box) 
Clknt 
Project 
ilerehok 
tt&earch Lab Ref 
Job 
Sample 
CIS 
SA3B 
Conditions at Failure 
Normal Stress 
Peak Strength 
Horizontal Deformation 
Residual Stress 
Vertical Deformation 
6 34 psi 
7 49 psi 
0 0382 in 
3 62 psi 
0 0079 in 
and Dale 
Checked B> 
and Daie 
and Date 
P.Sv" J 0 t ^ 
„ Shear Strength by Direct Shear 
{Small Shear Box) 
CUent 
Project 
Borehole 
research Lab Ret 
Job 
Sample 
C18 
SA3D 
Test Detai ls 
Standard 
Sampte Type 
Lab. Temperature 
Sampte Description 
Variations from 
procedure 
ASTM D3080-03 ' AASHTO 
T236 92 
Thin wailed push in sample 
70 0 deg F 
Particle Specific 
Gravity 
Single or Muiti 
Staqe 
Location 
185 43 
Multi Stage 4 
Stages 
residual prior to 30 day shear 
None 
Spec imen Detai ls 
Specimen Reference 
Depth within Sample 
Initial Height 
Structure Preparation 
Initial Wet Unit Weiqht 
Initial Dry Unit Weight 
Final Wet Unit Weiqht 
Final Dry Unit Weight 
Tested Dry or Submerged 
Comments 
B 
0 OOOOin 
0 3950 in 
103 86lbf'ft3 
63 74 ibffft3 
102 68 IbtftS 
61 94 Sbffl3 
Description 
Orientation within Sample 
Area 
Initial Water Content* 
Degree of Saturation 
init ial Voids Ratio 
Final Water Content 
Dry Mass 
4 90900 in2 
62 9 % 
(trimmings 52 8 %) 
64 64 % 
161 085 
65 73% 
0 0715 1b 
Submerged 
" C a k u 3 a k d f rom msliiil j n d dry ^*.i_hLs of whok ^ p ^ l s r ^ r 
Deformation vs Square Root Time 
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0 5 10 IS 20 25 30 35 40 
f 
1 J 
1 / 
/ 
! / 
V. 
Y' A f 
t 
#-:*"*""*" 
---*——* 
— • — ' " 
4 • ' 
e 
c 
1 
& 
0 0019 
-0 00 OS 
ooo 01 
00011 
0 0021 
0 0031 
0 0041 
0 0051 
0 0061 
PjfiO I ot ' 
v. jo z . i " M 
si t tu/uisKXWOu i »*"•"":> uii.ii i i f H ^ t t r u C ' 
(U.niM.irjiI ,i<| |i»|i{<i/i ii>|{ |<i -""J'71 
81 GOO 
8O0O*0 
001 06 OS Oi 09 OS 0* OE OZ 0 1 0 
%}umu33e|dssa lemei a«wtsa 
luftUjea^asiQ s/\ ss«u>|oiqx uouupaoas ui eoueqo 
% luauaoeidsia |B»rei aAiwiaa 
Bi 09 oi o* oe os oi 
lueiu»3E!ds|Q s A s s a n s JB©q$ 
fl€¥S 
813 
^jdttitsS 
MOf 
J»H d « l ipipssa" 
t loqAtog 
J3.>f«-tJ 
i » » o 
1 (xos jeaijs 1PWS) 
t/6l 
195 
Shear Strength by Direct Shear 
(Smait Shear Box) 
Client 
ProjwS 
Borelwle 
reseuch Lab K r f 
J»b 
Sample 
CIS 
S A 3 D 
Condi t ions, at Fasluiy 
Normal Stress 
P*»ak Strength 
Horizontal Deformation 
Residual Stress 
Vertical Detorrration 
6 34 psi 
fi »7 psi 
0 0265 in 
3 10 psi 
0 0041 in 
Tested B% 
And Date 
d v r U ' d IH 
and Date 
Approved Rv 
and Date 
P in* ^ nl 1 
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Shear Strength by Direct Shear 
|SmaiI Shear Box) 
Client 
pMijeU 
Borehole 
mbewcft h»b Itef 
Jiib 
Saiitjite 
CIS 
SAJD 
Test Detai ls 
Stanoard 
Sampte Typ*» 
Lab. Temperature 
Sample Description 
Variations from 
procedure 
ASTM 03080-03 ^ AASHTC 
T23S-92 
Thin wallpd iireh in sample 
70 0 dsg F 
Paricte Specific 
Gravity 
Single or Multi 
Staqe 
Location 
165 43 
Ringlp ^ i g p 
30 day shear 
None 
Spec imen Detai ls 
SpAciniAn RefprencA 
Dept l i w i t h i n S a m p l e 
H i t i a l Hosght 
S t ruc tu re P r e p a r a t i o n 
h i t i a l W e t Un i t W e i c h t 
h i t i a l Dry Uni t We igh t 
F ina l Wet Uni t W e i g h t 
F ina l D ry Uni t We igh t 
Tes ted Dry o r S u b m e r g e d 
C o m m e n t s 
A 
OOOOOlll 
0 3050 in 
105 52 lbf'f/3 
64 76 IbfcftS 
108 60 lbi'f-3 
65 53 IM'ttS 
D e s c r i p t i o n 
O r i e n t a t i o n w i t h i n S a m p l e 
A r e a 
I r r t i a ! Water Con ten t * 
Degree o f Sa tu ra t ion 
In t i a l Vo ids Rat io 
F n a l Wate r C o n t e n t 
Dty Mass 
4 83174 in2 
62 9 ° o 
(trimminfj<i c l 8 °**) 
65 68 °»J 
15B 534 
65 7 3 % 
0 0715 1b 
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Shear Strength by Direct Shear 
(Small Shear Box) 
Client 
Proiict 
Rorohnle 
research Lab Ref 
Joh 
Sample 
CIS 
SAID 
Conditions at Failure 
Norma? Stress 
Pedk Strength-
Horizontal Deformalion 
Residual Stress 
Vertical Deformation 
6 4£ psi 
5 41 PSI 
0 0o09 III 
0 OC psi 
0 Of %1 in 
Tested Bj 
and D itc 
Cheeked IH 
and Date 
Approved »> 
and Date 
PdK T ut ^ 
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Shear Strength by Direct Shear 
(Sfy'ail Shear Box) 
Clfcnt 
Pmjcct 
Iteretato 
RB«»5 rrh I ab ft'f 
Job 
Swupte 
CIS 
SA6 0CR 
Standard 
Sample Type 
Lab. Temperature 
Sampte Description 
Variations from 
procedure 
Test Details 
ASTM D3083-03 f AASHTO 
T23S-92 
Thinwaied push in sarrpie 
70 0 d«yF 
Residual prior to 90 day shear 
Particte Specific 
Gravity 
Single or Mutti 
Stage 
Locatior 
16543 
Multi Stage 4 
Stages 
None 
Specimen Details 
Specimen Reference 
Depth within Sample 
Initial Height 
Structure. Preparation 
Initial Wet Unit Weight 
Initial Dry Unit Weight 
Final Wet Unit Weiqht 
Final Dry Unit Weight 
Tested Dry of Submeraed 
Commems 
A 
0 OOOOin 
0 4160 m 
111 37 Ibtft3 
78 ! I Ibf fl3 
Md23 IbtftJ 
74 43 Ibt.fl3 
SuDmergec 
Description 
Orientation within Sample 
Area 
Initial Water Content* 
Cteqiee of Saluration 
Initial Voids Ratio 
Fmai Water Content 
Dry Mass 
4 83174 in2 
IS 3 % 
{tnrnminqs 41 2 %) 
56 88 Do 
134 74 1 
SU 8D-'o 
0 0885 lb 
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Shear Strength by Direct Shear 
(Small Shear Box) 
Client Re«arch 
Pmjwt 
Rorphale 
Lab Ref 
JitS» 
Siampte 
CIS 
S4fiOCR 
Condr t ions at Fai luro 
Norma! Stress 
P»ak Strength 
Honzorrta Deformation 
Rostdnal Stress 
Vertical Deformation 
6 44 pel 
7 08 psi 
0 0120 in 
3 67 psi 
0 f W > in 
Tested B> 
.uid Dale 
Cheeked B\ 
and Dale 
4pfr«xe<l B\ 
and D in 
Pass -*nt 1 
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Shear Strength bf Direct Sf 
^ fSmall Shear Box) 
Client 
frwj«t 
IlurrtMle 
Research Lab R»f 
f«h 
Sample 
C18 
SA6 0CR 
Test Detai ls 
Standard 
Sample Type 
Lab. Temperature 
Sample Description 
Variations from 
procedure 
AS1 M U3080-03 1 AASH10 
1236-92 
i h n walled push in sanple 
/UOdeg -
Particle Specific 
Gravity-
Single o r M t l t i 
Stage 
Location 
165 43 
Single Stage 
90 dav shear specmen no B 
None 
Specimen Detai ls 
Specimen Reference 
Depth within Sample 
Initial Height 
Structure • Preparation 
initial Wet Unit Weight 
Initial Dry Unit Weight 
Final Wpt Unit Weight 
Final Dry Un t W«ch i 
Tested Dry or Submergec 
Comments 
B 
0.0000m 
0 4160 m 
111 37lbf'ft3 
7G 11 hf 113 
114 54M1t3 
75 93 I*#f13 
Description 
Orientation within Sample 
fires 
initial Water Content* 
Degree of Sati I ration 
Initial Voids Ratio 
Final Water Content 
Dry Mass 
4 83l74in2 
45 3 % 
(trirrmirys 41 2 %) 
53 83 % 
114 741 
51 SS°,n 
0 0885 h 
Submesgec 
* CjIcuSjk'J Iriiai laitia iiul dry «,ei«fib of » hok: ipeuracn 
ttOOC45 
3 aooess 
Q0OC65 
Deformation vs Square Root Tirm 
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Shear Strength by Direct Shem 
{Small Shear Box) 
% 
Client 
Project 
Borehole 
Research Lab Rri 
Job 
{sampte 
Cl8 
SA&OCR 
Shear Sties'? Vs Displacement 
- t 1 11 1 
1 1 [ r f f 
CO 1 
W f 
s? -J L — 
a. 
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.1 
0 10 30 40 SO BB 70 
Relative Lateral Displacement " • 
80 90 t oo 
Chanty in Spoeiman Thtckfies^ Vs Displacement 
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Shear Strength by Direct Shear 
(Small Shear Box) 
Client 
Project 
Borehole 
Research Lab Ref 
Job 
Sample 
CIS 
SA6 0CR 
Cond i t i ons at Failure 
Normal Stress 
Peak Strength 
Horizontal D&formation 
Residual Stress 
Vertical Deformation 
6 44 psi 
7 34 psi 
0 0015 m 
0 00 psi 
0 0006 in 
Tested Bv 
and Ddle 
Checked B\ 
jnd Date 
Approved Bv 
and Dite 
205 
Shear Strength by Direct Shear 
{Small Shear Box) 
* 
Uli'llt 
Pr«]tct 
Borehole 
Research 1 ab Ref 
Job 
Sample 
CJ3 
SAE14 
Test Details 
Standard 
Sampte Type 
Lab Temperature 
Sampte Desc r i p t i on 
Va r i a t i ons f r o m 
p r o c e d u r e 
A S T M D308U O J , AASHTO 
T23G 92 
CDIS sanple 
70 0 deg F 
Particle Specific 
Grav i t y 
Single cr Multi 
Stage 
Location 
1 b b 4 J 
Multi Staie 3 
Stagss 
swell then consol then residual shear 
Noi e 
Specimen Details 
Specimen Reference 
Depth within Sample 
Initial Height 
St ruc tu re P repa ra t i on 
Initial Wet Ural Weight 
In i t ia l Dry Uni t W e j q h t 
F ina l WAt U m t W o i q h t 
Final Dry Unit Weight 
Tested Dry or Submerged 
C o m m e n t s 
A 
0 00001 n 
u 1aoo in 
1J2 60tbfft3 
78 43 Ibf 113 
1 8 31 Ibf ft3 
79 81 Ibf tt3 
Submerged 
Description 
Orientation within Sample 
Area 
In i t ia l Water Content* 
Degree of Saturation 
In i t ia l Voids. Rdt io 
F ina l Water C o n t e n t 
Dry Mass 
4 B J 1 / 4 m<f 
-13 6 ° = 
(tnmmirgs 37 0 %} 
5514% 
130 72C 
48 25% 
0 1 7 1 0 l b 
Tafcuiilid fr\.m initial and drt wtipMx rf whole -.pttjnin 
Deformation vs Square Roof Time 
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Shear Strength by Direct Shear 
(Small Shear Box) 
Client 
Project 
Borehole 
Research Lab Ret 
Job 
Sample 
CI 8 
SAB14 
Shear Stress Vs Displacement 
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Relative Lateral Displacement % 
60 90 10 
Change in Specimen Thickness Vs Displacement 
Relative Lateral Displacement % 
0 10 20 30 40 SO 60 70 90 100 
- 0 0016 
-0 0006 
a 0 0024 
O 0 0034 
00044 
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Shear Strength by Direct Shear 
{Small Shear Box) 
Client 
Project 
Borehole 
Research Lab R r f ' 
j o b 
Sample 
CIS 
i3.Jr\.£j 1 *T 
Cond i t ions at Failure 
Normal Stress 
Peak Strength 
Horizontal Deformation 
Residual Stress 
Vertical Deformation 
6 42 psi 
6 24 psi 
0 0260 in 
3 15 psi 
0 0092 in 
Tested Bv 
anJ Date 
Cheeked By 
and Dale 
Approved Bv 
and Date 
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Shear Strength by Direct Shear 
(Small Shear Box) 4 
Client 
Pip j e r t 
Borehole 
Research Lab Jtef 
Job 
Sample 
CIS 
SAE3C 
Test Details 
Standard 
Sampte Type 
Lsb Temperature 
Sample D«scnption 
Variations rom 
procedure 
ASTM D30S0 03 AASHTO 
T^^fi-q? 
CD^G sample 
70 0 deg F 
Pdrtide Specific 
Gravity 
Single or Multi 
Stage 
Location 
165 43 
Multistage 3 
Stages 
swell then consci ton residual shsar 
fsbne 
Specimen Details 
Specimen Reference 
Depth with n Sample 
Initial Height 
Structure Preparation 
In tial Wet Unit Weight 
Initial Dry Unit Weight 
Final Wet Unit Weight 
Final Dry Unit Weight 
Tested Dry or Submerged 
Comments 
A 
o outoin 
0 78C0 in 
109 C5 IbfftG 
"7 06 Ibf f 3 
119 C4 Ibfft3 
8 bfe Jbt f 3 
Description 
Orientation within Sample 
Arna 4 831~4in2 
Initial Water Content* 42 6 % 
(trmmirqs 37 0 %} 
Degree os Saw rattan 52 91 % 
Initial Voids Ratio 133 075 
Final Water Content 50 89% 
Dry Mass o i t>»o lb 
Submerged 
C Julian, dfrwisntiial jnd dry «<_ »htvtt ft hi It ^HiinHa 
Deformation vs Squara Root Tiir» 
ao22t 
o 0,0223 
0.0225 
00226 -1 
10 20 
Time Square Roct Mms 
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»hear Strength by Direct Shear 
(Small Shear Box) 
Client 
Pntjecf 
Boreholr 
Research L»b Ref 
Job 
Sampte 
CI* 
SAE30 
Shear Stress Vs Displacement 
30 40 SO BO 70 
Relative Lateral Displacefnent % 
Change in Specimen Thickness Vs Displacement 
Belat'we Lateral Displacement % 
10 20 30 to 50 60 70 80 90 100 
-0.0009 
0.0001 
c 0.00 11 
Si 
J 0.00 21 
u 
2 
•jl 0 0031 
& 
o> S 0 0041 
x: 
O 
0 0051 
0.0061 
U.tte of Hot t /ontai Divpl.icernenl Sug>? 1 0H6V)Vhn'min Stag: 2 0 Of^uMiin/rum Slaw i 
0 03Zl>6sianiin 
I I i IlLTMll lOdl PJBJ 2 o 3 
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>hear Strength by Direct Shear 
(Small Shear Box) 
Client 
Project 
Borehole 
Research Lab Rrt 
Job 
Sample 
C18 
SAE30 
Condi t ions at Fai lure 
Normal Stress 
P»ak Strength 
Horizontal Deformation 
Residual Stress 
Vertical Deformation 
G 42 psi 
5 24 psi 
0 0217 in 
2 88 psi 
0 0132 m 
Tested Bv 
jnd Dak* 
Checked Dy 
and Date 
and Dalff 
5 i i I ' l j i i w n I Pa«e '' ol 3 
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Shear Strength by Direct Shear 
(Smaii Shear Box) 
Client 
Project 
Bitrvholp 
Research Lab Ref 
job cm 
Sample SAF60 
Test Details 
S t a n d a r d 
Sample Type 
Lab. Tem|>erature 
Sample Qd'sei ip t ion 
V a i i a l i o n s h o r n 
p r o c e d u r e 
ASTMD3080 -03 AASHTO 
T236-32 
Core sample 
70 0 deg F 
Pdrt icte Spec i f i c 
Gravity 
Single or Mults 
Stage 
Location 
165 43 
Mu! i b«ge 
Stages 
2 
swell then consol then residua shear 
None 
Specimen Details 
Specimen Reference 
Depth within Sample 
Initial Height 
Structure I Preparation 
In i t ia l Wet Unit W e i g h t 
In i t ia l Dry Uni t Wo iqh t 
F inal Wot Unit W e i g h t 
F ina l Dry Uni t W e i g h t 
Tes ted Dry OJ S u b m e r g e d 
C c m r n e n t i 
A 
DOOQOin 
3 78Q0 n 
112 60 b t f t 3 
30 50 Ibf ft3 
117 67 b i f t 3 
31 78 Ibff t3 
Desc r i p t i on 
Orientation within Sample 
Area 
Initial Water Content* 
De>ej»f» oi Sa tura t ion 
Ini t ia l Vo ids Rat io 
F inal Wate r Con ton l 
Dry Mass 
4 b3174 in? 
39 9 °,« 
( tnmm nq<^ 3? 7 '/-) 
51 8 2 % 
127 345 
43 8 7 % 
0 1755 lb 
Submerged 
* %. Jtulatcd from ipiti.il .ijuldry »ci»Hs o f » h o c '-jxeiroiFi 
Pffonreation vs Square Root Tirro 
Time Square floor Mins 
5>fl 30 40 
a 0 0059 
* ~4"4~&r.4><~4k 
*=» —4^ —,* 
l i t ! tC JlHli ll P J ^ J U 1 
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Shear Strength by Direct Shear 
(Small Shear 8ox) 
Client 
Project 
Bare hole 
Research L^b Ri f 
Job 
Jsanple 
CI 8 
SAbtO 
Srtoar Stress ¥s Displacement 
S » 2 
2 32 
192 - -
092 - -
Dim , • 
( • 
4 
•I 
1 
i J 
'!• -
jMmr* 
i$ 
i 
j _ I _ i 1 1 1 1 1 1 1 ' ' ' I 1 1 ' ' 1 i 
r i n ?o in ao =o sr 70 ao m wo 
Relative Literal Displacements 
Change in Spec imen Thicknes>sY:a Disp lacement 
Reialive Lateral Djsplaceroenl % 
0 10 20 30 40 SO 63 70 00 90 100 
a < m m M m % • •i M • i l • I to t 
, . 
Kali (I Hiiit/onLii iJispl Kt limit M l 1 < l ^ i f l H n nun Sid ^  - U'JhVHUrjmtn 
H t 1-t r th I Pd'K? oi ^  
213 
Shear Strenglh by Direet Shear 
y {Small sitear Sox) 
Clfcnt 
PrvjN** 
Borelwle 
Research Lab Ref 
J«b 
Sample 
CIS 
SAE60 
Normal Stress 
Peak Strength 
Horizontal Deformation 
Cond i t ions at Fai lure 
6 42 psi 
6.61 pst 
0.0250 IF 
Residual Stress 
Vertical DeforTiatian 
5 29 psi 
0.0112 if 
Tested Pj 
ani. Dak 
Checked By 
anc Dak 
Ap.'lUMid B> 
anc Dat£ 
I I I irk>-'abv,nal PdSC * Ol t 
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Shear Strength by Direct Shear 
(Small Shear Box) 
Client 
Project 
Borehole 
Research Lab Ref 
Job 
Sample 
CIS 
SAB60 
T e s t D e t a i l s 
S tanda rd 
Sampte T y p e 
Lab. T e m p e r a t u r e 
Sampte D e s c r i p t i o n 
Va r ia t i ons f r o m 
p r o c e d u r e 
A S T M D3080-03 < A A S H T O 
T23 t>32 
C o r s sample 
7 0 0 deg F 
Par t i c le Spec i f i c 
G rav i t y 
S ing le o r M u l t i 
Stag© 
L o c a t i o n 
185 43 
Sing la Stage 
60 day shear 
N o n t 
S p e c i m e n D e t a i l s 
Specimen Reference 
D*»pth w i t h i n S a m p l e 
In i t ia l He ight 
S t r u c t t r e P repa ra t i on 
In i t ia l We t Un i t W e i g h t 
in i t ia l Dry Uni t W e i g h t 
F inal Wet Unit W e i g h t 
F inal Cry Uni t W e i g h t 
Tes ted D ry or S u b m e r g e d 
C o m m e n t s 
B 
n nooom 
0 7800 in 
112 60 IbtftS 
80 50 Ibf ft3 
11b SO Ib f f tJ 
BO m ib f - t3 
D e s c n o t i o n 
O r i en ta t i on w i t h i n S a m p l e 
A rea 
I r i t i a l Water C o n t e n t * 
Degree o f Sa tu ra t i on 
I r r t i a l V o i d s Rat io 
F na i Water C o n t e n t 
Dry Mass 
4 8 2 1 7 4 i n 2 
39 S % 
( inn mings 32 7 %} 
51 £2 % 
127 3 4 5 
43 fc/% 
0 1 755 lb 
Submerges! 
• C&ku l k d tram ar.Hki! <mti Jrs ^v i eh i 1 ^ *,* hok ->pe^]nk.n 
Defer rr-ation vs Square Root T ime 
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Shear Strength by Direct Shear 
(Small Shear Box) 
C. tent Research 
Project 
Boretoflle 
Lstb Ref 
Job 
Sample 
ess 
SAE50 
Shear Stress vs Displacement 
i COS 
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«3 3.08 
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Shear Strength by Direct Shear 
(Small Shear Box| 
CUent 
Project 
Bon-hote 
Research Lab Ret 
Job 
Snrapk? 
O S 
SAE60 
Conditions at Failure 
Mormai Stress 
Peak Strength 
Horizontal Deformation 
Residual Stress 
Vertical Deformation 
6 4? p*! 
6 35 psi 
0 0171m 
0 00 psi 
0 0031 n 
Tested B\ 
ai d I ) ate 
Checked I I \ 
arc! Date 
Ajpro^cd B% 
di d Date 
H t lri»"iiti u l Pa ye -S ot 
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